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Preface

Fire safety engineering in tunnels is essential in order to obtain good safety for tun-
nel users. The knowledge about fire safety in tunnels has increased over the past 
few decades due to both new research and analysis of real accidents. The aim of 
this book is to give researchers, engineers, and authorities worldwide a good insight 
into the fire phenomena in tunnels and the physics behind it. Guidance in calcula-
tion of important parameters such as heat release rates, critical velocity, spread of 
smoke gases and heat, temperatures, heat fluxes, fire spread, and flame lengths is 
given as well as the theories behind them. A comprehensive overview of how fires 
in vehicles develop and how different physical parameters such as flammability, 
ventilation, and geometry influence them is presented. The focus is not on the de-
sign aspects of fire safety in tunnels, although some parts are described. It is more 
about understanding the dynamics and developments of fires in tunnels and other 
underground constructions.

The tunnels are becoming more and more complex and the need for performance 
based design increases. The authors have found the need for presenting and gath-
ering the latest knowledge on fire research and experience from different testing. 
Therefore, the emphasis is on engineering relations and physics of fires. This will 
provide good and solid background information which the readers can on their own 
hand, use in its daily research and engineering work.

The knowledge presented here comes very much from research that the authors 
have been involved in, but also from other large-scale experiments and practical 
experience. The book can also serve as a base for a university education for those 
who are interested to understand the basics of tunnel fire safety engineering using 
correlations and formulas obtained within different fields.

The book is divided into numerous chapters where the focus ranges from di-
rect physical phenomena to advanced calculation models. The catastrophic fires 
that have occurred in tunnels are put into context of the subject of this book, 
namely fire dynamics in tunnels. These fires have raised the level of awareness 
about the problem and through experimental and theoretical work by many re-
searchers around the world the knowledge level on the fire physics has increased 
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considerably. This knowledge needs to find its way to the engineers working with 
the problems on daily basis and, therefore, it is our hope that the book will serve 
as a platform for practicing engineers, researchers, and students dealing with fire 
safety in tunnels.

Borås 2014-07-06  Haukur Ingason
 Ying Zhen Li
 Anders Lönnermark  
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Chapter 1
Introduction

© Springer Science+Business Media New York 2015
H. Ingason et al., Tunnel Fire Dynamics, DOI 10.1007/978-1-4939-2199-7_1

Abstract An introduction to the main differences between open fires, building fires 
and tunnel fires is given as the basis for better insight into the physics of fires in 
tunnels. An overview is given of what type of fires is to be expected in different 
types of tunnels and what consequences such fires may have. A short description 
of mitigation systems commonly used to increase the fire safety in tunnels is also 
given and their main features are put into the context of fire dynamics. Finally, the 
major fire incidents that have occurred are summarized and analysed in order to 
understand the main reasons for their different consequences.

1.1  Introduction

The main purpose of this book is to provide a sound understanding of fire dynamics 
in tunnels. The word “tunnels” is broadly used to mean road tunnels, rail tunnels, 
metro tunnels, mines or tunnels during construction. The book aims to improve 
knowledge on fire physics and thereby facilitate understanding of this physics for 
practicing engineers and researchers. It is important to state now that there is no 
large difference in the fire physics describing these types of tunnels, independent 
of their use or complexity. Parameters such as length and cross-sectional geometry 
are important, but the vehicles that burn inside these different tunnels and the miti-
gation systems that are applied as well as construction protection adopted are also 
important.

Fire dynamics usually relates to fire behaviour in ordinary sized compartments 
(rooms) or corridors. The knowledge of fire chemistry and fire dynamics is treated 
either with or without the direct interaction of the compartment and the ventila-
tion conditions. Much of the fire research to date has been carried out either inside 
a normal-sized building compartment or in a building with a large volume (For 
example, fire laboratory) where one can assume no interaction of the environment 
with the fire plume (open fire). Some research has also been carried out on outdoor 
fires, where an external wind potentially has a strong effect.



2 1 Introduction

Most of the fundamental research on fire dynamics in tunnels is focused on smoke 
spread in tunnels with low ceiling heights and on fire development in single burning 
vehicles. The requirement for the ventilation systems to prevent back- layering of 
smoke, that is, the critical velocity, is the single most investigated parameter in tun-
nel fire research [1]. Combining the knowledge on fire dynamics in buildings and 
that in tunnels is a challenge, as there are major differences that cannot readily by 
explained for both types of constructions. In many cases, this creates confusion that 
is difficult to resolve. One such example is the misconception or misunderstanding 
that is present concerning well-ventilated fires and under-ventilated fires in tun-
nels and buildings. The basic phenomena for these terms are explained in detail in 
Chap. 2 in this book.

The influence of ventilation on heat release rates (HRRs) in vehicle fires and 
how the smoke, toxic gases and heat spread in the tunnel is very important to un-
derstand. This is apparent owing to the occurrence of many disastrous tunnel fires 
in the past two decades. Thus, in order to determine an appropriate design fire for 
a fire safety system in a tunnel, some understanding on fire development in vehicle 
fires and how the fire interacts with its environment is required.

The research carried out in ordinary compartments or corridors, in large labora-
tory buildings and outdoor (open fires) is of great value and it is important that it 
be used as a platform in tunnel fire research. Therefore, it is crucial to have a good 
understanding on the main differences between these different types of fires.

1.2  Characteristics of Tunnel Fires

Tunnel fires differ in many aspects from open fires and building fires. Open fire is 
defined here as a fire without any interaction with its surrounding geometry or en-
closure. This can be the case for a fire outside a building in a quiescent environment 
or inside a building that is sufficiently large that the fire is not directly affected by 
its presence. A fire outside a building that is exposed to strong external wind is not 
considered here.

According to this definition, there are at least two important ways in which tun-
nel fires differ from the open fires [2], that is, in terms of:

• The heat feedback from the surrounding environment
• The effect of natural ventilation on the fire

The heat feedback to the fuel surface in open fires is governed by the flame volume. 
In tunnel fires it is the same, except that additional parameters such as tunnel lining, 
cross-sectional area and ventilation also play an important role.

The oxygen needed for combustion is not always readily available in tunnels in 
the same way as in the open (where full access can always be assumed). The condi-
tions may either develop to a well-ventilated fire (fuel-controlled) where unreacted 
air by-passes the burning vehicles, or under-ventilated fire (ventilation-controlled) 
giving rise to large amounts of toxic fume and products of incomplete combustion. 



31.2  Characteristics of Tunnel Fires 

A fire that develops in a tunnel interacts with the ventilation airflow and generates 
complicated air flow patterns and turbulence in the vicinity of the fire. The heat 
generated by the fire warms up the surrounding air, and in the case of a slope inside 
the tunnel, buoyancy forces are created along the tunnel which could govern the 
movement of the air flow inside the tunnel. This may lead to drastic changes in the 
ventilation flow pattern for the whole tunnel system. If the resulting longitudinal 
flow velocity is not high enough, a reverse flow of hot gases in the ceiling will be 
created. This phenomenon is better known as back-layering. In order to prevent any 
type of back-layering, the longitudinal velocity inside the tunnel has to be higher 
than a critical value. Usually, this critical value is about 3–3.5 m/s for most tunnels. 
The main problem with natural ventilation in tunnels is that not only the tunnel 
geometry, the size and the location of the fire govern the flow of hot gases in the 
tunnel, but also winds and atmospheric conditions outside the portals may have a 
strong influence on the ventilation system.

The complexity in understanding what is happening inside a tunnel is difficult 
for the rescue personnel such as firefighters who have to deal with the situation 
while the fire is developing. The smoke can only be visual from portals, so the 
decision to attack the fire can only be based on which portal the smoke exits unless 
a closed-circuit television (CCTV) system exists. Effects of the fire on the natural 
ventilation inside the tunnel not only complicate firefighting procedures but also 
present extreme hazards by rapidly propagating toxic fumes and gases far away 
from the fire. Sudden changes in the air flow could easily occur due to pressure 
changes inside and outside the tunnel portals. This situation can only be controlled 
when mechanical systems are applied and the smoke management becomes much 
easier and a safer environment for evacuees and firefighters can be created in the 
case of a good ventilation design. In contrast, in building fires the firefighters can 
always observe the situation from a safe position outside the building. According 
to Ingason [2], tunnel fires differ from building compartment fires in at least three 
important ways, that is, in terms of:

• The effects of the ventilation factor
• The flashover conditions
• The stratification development

The maximum HRR in compartment fires is usually dictated by the ventilation fac-
tor. The ventilation factor is a parameter defined by the opening areas and height of 
the openings of the compartment, see Chap. 2 for detailed information. In tunnels 
the situation is entirely different. The size of the fire and its position within the tun-
nel, the slope of the tunnel in the vicinity of the fire, the cross-sectional area where 
the fire takes place, the total length of tunnel, the type of the tunnel lining material 
(concrete, blasted rock) and the meteorological conditions at the entrance and exit 
are the parameters that govern the natural ventilation within the tunnel system. This 
means that tunnels work more or less like communicating vessels. The results of 
this is that the excess air available for combustion is an order of magnitude higher 
than in compartment fires which are governed by the ventilation factor. Tunnels are 
also often equipped with mechanical ventilation which is sometimes termed forced 
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ventilation. The mechanical ventilation consists of supply/exhaust fans and/or jet 
fans in the ceiling. In Chap. 13, these ventilation systems are presented more thor-
oughly. The consequence of using mechanical ventilation is mainly seen in terms of 
the combustion efficiency, spread of heat and smoke as well as the HRR in tunnels. 
These ventilation conditions differ significantly from compartment fires which are 
usually naturally ventilated through windows or other openings. There are many 
buildings equipped with mechanical ventilation but the flow rate is relatively small 
as compared to the fire size, and usually when a fire becomes fully developed the 
windows break and the fire becomes dominated by the ventilation.

In very long tunnel tunnels with natural ventilation and nearly no slope, over sev-
eral kilometres, it can be shown that the natural flow inside a tunnel and towards the 
fire source may be predicted by the ventilation factor at the portals (cross-sectional 
area times the square root of the height). This has not been experimentally verified 
but theoretical investigations by the authors show that this may be the case. This 
means that previous thinking about how natural ventilation is governed in very 
long tunnels with nearly no slope needs to be reconsidered. Generally, the smoke 
flow descends to the floor level after travelling a certain distance. Then the smoke 
flow could approximately be considered as being fully mixed, but still there exists 
indistinct layers, that is: a lower layer with incoming fresh air (partly vitiated) and 
an upper layer with outgoing combustion products.

Flashover is defined as the rapid transition to a state such that all the surfaces of 
the combustible materials within a compartment are involved in the combustion. 
Fires in compartments can easily grow to ‘flashover’ within a few minutes. Flash-
over is not expected to take place outside a confined space such as a compartment. 
The volume of the compartment is very important as is the composition of the mate-
rials found in the compartment together with the opening sizes. Tunnel fires, in that 
sense meaning fires in a long space with two large portal openings, are therefore 
not likely to grow to a conventional flashover. The main reason is due to large heat 
losses from the fire to the surrounding walls, lack of fuel in relation to the volume 
size and containment of hot fire gases. The flashover phenomenon is explained in 
details in Chap. 2.

Experiments and theoretical considerations show that flashover can easily occur 
in a train compartment or a truck cabin located inside a tunnel [3, 4], see Fig. 1.1. 
This type of flashover will not occur inside a tunnel space. In the same way, the risk 
of secondary deflagration due to under-ventilated fires is much lower in tunnels 
than in building compartment fires [2]. The main reason for this is the difference 
in the ventilation conditions as explained above and the geometry and heat losses 
to the surrounding tunnel walls. The amount of fuel load in relation to the tunnel 
volume also plays an important role.

Although flashover appears to be impossible in a tunnel fire, an under-ventilated 
fire in a tunnel is possible. This should be given special attention. In an under-
ventilated fire, the consequences of the activation of a powerful ventilation system 
may be dramatic. The flame volume may suddenly increase in size and length, and 
the fire may easily spread forward due to the preheated vehicles downstream of the 
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fire, although this phenomenon cannot be defined as ‘flashover’ in the traditional 
sense of the word [2].

The stratification formation of the smoke layer differs from compartment fires. 
In the early stages of compartment fires, an upper quiescent buoyant smoke layer 
is formed with a cold smoke free layer below, see Fig. 1.2. Due to the confinement 
of the compartment, the smoke layer descends gradually to a level slightly lower 
than the upper edge of the door or windows. Therefore, at least in the early stage, 
the height of the openings governs the smoke layer height. However, this is not the 
case in a tunnel fire.

At a short distance from the point where the fire plume impinges on the tunnel 
ceiling, the smoke flow transits to a longitudinal flow on both sides in a tunnel 

Fig. 1.1  Initial stages of a 
“flashed over” situation in 
a metro train carriage. The 
flames start to plunge out 
from the broken windows 
and open doors. (photo Per 
Rohlén)

 

Fig. 1.2  The smoke stratification in the early stage of a compartment fire
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with essentially no longitudinal ventilation and nearly no slope. Eventually such a 
layer will be become thicker and descend towards the tunnel floor, see Fig. 1.3. The 
distance from the fire when this may occur is dependent on the fire size, the tunnel 
type and the perimeter and height of the tunnel cross-section [2]. See Chap. 12 for 
further information concerning smoke stratification in tunnels.

If a longitudinal ventilation system is activated, this stratified layer will gradu-
ally disperse. At first on the upstream side of the fire, a smoke layer will still exist 
(back-layering). On the downstream side, the stratification of the smoke is gradu-
ally dispersed. This will be governed by the heat losses to the surrounding walls and 
by the turbulent mixing between the buoyant smoke layer and the opposite moving 
cold layer. The smoke stratification is important for those who have to escape from 
the tunnel. The characteristics of the smoke spread are highly dependent on the air 
velocity and location in the tunnel.

Despite the fact that the fire behaviour can be different depending on the enve-
lope (tunnel, building or in the open) the measures to deal with it vary. Further, the 
fire load itself in a tunnel is very different from that in a building. The vehicles in 
tunnels are in most cases the only fuel that is available. In underground car parks, 
one may find some similarities, and much research has been conducted on car park 
fires which is very useful for tunnel fire research. In Chaps. 4 and 5, an overview of 
fire development in vehicles is given.

The mitigation methods (technical safety systems) to deal with tunnel fires vary. 
In the following section, a short overview of different mitigation methods is given. 
These systems are described in more details in different chapters in this book.

1.3  Mitigation Systems in Tunnels

A mitigation system is defined here as a technical system or a method to increase 
the safety during a fire. The systems that need some basic fire dynamic knowledge 
to design or handle are presented. These include the structural fire protection which 
relate to different boundary conditions such as the gas temperatures and heat fluxes, 
the ventilation systems, the evacuation systems which relates to different combus-
tion products, visibility and tenability requirements in the smoke, and finally, detec-
tion and suppression systems.

The heat exposure as an input for calculation of the load bearing capacity is im-
portant. The main load is through heat flux from burning vehicles. The heat fluxes 

Fig. 1.3  The smoke stratification in a tunnel fire with low ventilation
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vary depending on the tunnel geometry, ventilation in the tunnel and the type and 
shape of the fire load. Although the heat flux in kilowatts per square meter (kW/ m2) 
is should be used for describing the heat exposure onto a tunnel construction, it is 
seldom applied as input into models for calculating temperature rises inside the 
structure. Instead different types of time–temperature curves are given and the 
boundary conditions are given as a lumped heat flow constant. The time–tempera-
ture curves are usually standardized fire curves (ISO 834 [5], HC [6], RWS [7] etc.), 
see Chap. 8, Sect. 1, and can vary depending on the guidelines used. In tunnels, 
the time–temperature curves are usually more severe than those used in buildings. 
This difference has to do with the dynamics of the combustion process. In well-
ventilated tunnels with relatively low ceiling height, the maximum gas temperatures 
can easily reach a level of 1350 °C, whereas in buildings this is usually in the range 
of 900–1100 °C. The main reason for this is the difference in the ventilation con-
ditions and thereby the heat flux exposure. The understanding of heat fluxes and 
temperature development is of great importance and is explained in more detail in 
Chaps. 8 and 10.

The ventilation system is one of the most important safety features in tunnels. It 
makes it possible to control the smoke spread and thereby influence the outcome of a 
fire incident. The mechanical systems can be controlled automatically or by persons 
in a control center for a specific tunnel or tunnels. In the early history of ventilation 
design (late sixties), the systems mainly consisted of smoke extraction systems that 
is, the smoke was exhausted out of the tunnels. The terminology for these types 
of systems is “semi-transverse” or “fully transverse” systems. “Semi-transverse” 
means that they only exhaust the smoke whereas “fully transverse” both supply 
fresh air along the tunnel and exhaust the smoke. Today, these systems have been 
optimized in the design and are termed point extraction systems. The tunnels in the 
Alps regions, especially those which have bidirectional traffic, are often equipped 
with point extraction systems but such systems are also found in other parts of the 
world. The smoke is not only controlled by extracting the smoke but also by the 
longitudinal flow created inside the tunnel. Additional jet fans in the ceiling have 
also be applied to control the longitudinal flows. These systems and their functions 
are explained in details in Chap. 13. Transverse systems have been shifted to only 
using longitudinal ventilation by mounting jet fans in the ceiling. This is consider-
ably easier to build and much less expensive. The conceptual idea in unidirectional 
tunnels is to create a smoke free area upstream of the fire site. The main design 
parameters are the HRR in MW of a design fire and the critical velocity needed to 
prevent back-layering inside the tunnel. In Chaps. 4 and 5, different HRRs and fire 
growth rates are given and in Chap. 6, different design fire concepts are presented. 
One of the main risks with ventilation systems is the possible enhancing of the fire 
development and increased risk for fire spread between vehicles. Fire spread in 
tunnels is presented comprehensively in Chap. 11. Fire spread as governed by the 
flame length is presented in Chap. 9 and as governed by the heat flux in Chap. 10.

The evacuation systems consist of escape routes at equal intervals inside the 
tunnels or rescue stations. This is usually arranged as a bypass between two parallel 
tunnel tubes or safe havens built specifically for evacuees. These distances varies 
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considerably and are usually determined through national laws, directives, stan-
dards or guidelines. It is also possible to perform an engineering analysis consider-
ing the effects of the fire on the tunnel users that need to evacuate the tunnel. This 
type of analysis requires a sound knowledge of fire physics and the dynamics of the 
smoke products, for example, smoke stratification as presented in Chap. 12, and 
heat development inside the tunnel. The more advanced methods can be combined 
with advance Computational Fluid Dynamic (CFD) calculations, as presented in 
Chap. 17.

Simpler one dimensional (1D) calculation can also be used for sensitivity analy-
sis. The 1D models are presented in Chap. 7 (gas composition), Chap. 8 (gas tem-
peratures) and Chap. 14 (visibility). Knowledge about gas composition is vital when 
performing this type of calculation. Further, the smoke densities and temperature 
distribution are important. The basic data about gas composition and production of 
smoke and gases in different types of fires are given in Chaps. 7, 8, 14 and 15 (ten-
ability). By calculating the walking speed, which is dependent on the visibility, and 
the hazardous environment the evacuees are exposed to (toxic gases, temperatures), 
the evacuation time when (or not) they reach a safe region can be derived.

The detection systems are necessary to alert the tunnel users, fire services and 
the controller of the tunnel systems to an incident. Due to the variation in fire de-
velopment and conditions in the tunnels, every fire is unique and can be difficult to 
discover. The main indicators from fires are convective heat, smoke particles, gas 
composition or radiation. Nowadays, digital analysis using surveillance cameras 
inside the tunnels are also used as a part of the alerting systems. Depending on the 
technology used and the fire scenarios, the response of the systems varies. The most 
common system is based on line detectors, where the convective heat from the fire 
indicates that there is a fire. Depending on the fire size, tunnel height and ventila-
tion rate, the systems can vary in response time. Other systems detect the smoke 
particles travelling inside the tunnel which requires that the smoke is lifted by the 
convective flow (buoyancy) to the location of the detectors. Flame detectors are 
another type of system that observes the electromagnetic radiation from the flames. 
If the fires are hidden inside the vehicles, such detectors are not able to detect the 
fire. Systems based on gas composition are also available. The common factor with 
all these systems is the dependence on the physics of the fire which, therefore, re-
quires a good basic knowledge on fire dynamics in tunnels when working with these 
systems. The detection technology is briefly described in Chap. 16, and the basics 
for the indicators for these systems are well covered through chapters such as 7, 8, 
10, 12 and 14.

The suppression systems work actively to control or prevent further fire develop-
ment in vehicles inside tunnels. The generic name for such systems today is fixed 
fire fighting systems (FFFS), which covers most type of water based systems. The 
dynamics of such systems are given by the interaction of water spray with the con-
vective heat from the fire and the suppression of heat and combustion products at 
the fuel surfaces. The cooling mechanism and downward drag of smoke are pa-
rameters that require good basic understanding by engineers and researchers when 
designing such systems. The water spray systems create different sizes of droplets 



91.4  Incidents in Tunnel 

and thereby interact with the fire in different way. Large droplets penetrate more 
easily towards the fuel surface, while small droplets evaporate more easily in the 
convective gas volume and thereby reduce the gas temperature effectively. This in 
turn affects the re-radiation to the fuel surface and further development of heat and 
smoke. An understanding of the energy balance at the fuel surface is vital and gives 
an indication of the effectiveness of the system. The basic knowledge of fire phys-
ics and the interaction of the water with the fire are described in detail in Chap. 16. 
Large-scale fire tests with FFFS are presented in Chap. 16, while large-scale and 
model scale tests where no FFFS are involved are presented in Chap. 3.

The model scale technique is an important instrument in order to obtain useful 
and reliable information concerning fire dynamics in tunnels. In Chap. 18, different 
types of scaling techniques are presented and outlined. The model scale technique 
is one of the most effective methods in gaining new knowledge and therefore it is 
important to present the theories behind it. Much of the knowledge presented in this 
book actually comes from model scale experiments carried out by the authors for 
different types of conditions in tunnels. Another knowledge base to obtain valuable 
information is real incidents occurred in tunnels. In the following section, analysis 
of numerous large fire incidents is given.

1.4  Incidents in Tunnel

In order to better understand the physics of tunnel fires, a collection of previous 
large tunnel fires are analysed. These fires have occurred in road tunnels, rail tun-
nels or metro tunnels. The main difference between the various incidents lies in the 
way these incidents occur and develop initially.

1.4.1  Fires in Road Tunnels

The road tunnel incidents presented here are typically related to the type of occur-
rence, that is, a collision between vehicles, collision between a vehicle and tunnel 
structure or single vehicle fire in an engine compartments, brakes or due to other 
technical mishaps. The behaviour of the drivers, either controlling the vehicle or as 
an evacuee, is a major factor in the outcome of these incidents. Fighting these fires 
as long as only a single vehicle is burning, and there is access to a ventilation sys-
tem, is usually not a problem. The problem arises when multiple vehicles become 
involved and there are many evacuees involved in the incident.

The first impression when studying road vehicle fires is that the presence of 
heavy goods vehicle (HGV) fires dominates the consequences, both concerning 
the damage to the tunnel construction and in terms of the number of fatalities. Haz-
ardous goods (bulk) transports have seldom been found to be involved in large 
incidents. One possible reason for this is the safety education given to the drivers 
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and the regular maintenance of the vehicles. The commodity transported by general 
HGVs has the same potential to cause havoc as hazardous goods transport with 
petrol or diesel in a tunnel fire. The fire tests in the Runehamar tunnel in 2003 [8] 
clearly exhibited this.

Although the largest contribution in tunnel fires is from HGV fires, the most 
frequent fires are single vehicle fires, such as passenger car fires. Buses and coaches 
are not frequently involved in tunnel fires, but there is definitely the potential for a 
large incident compared to a single HGV or passenger vehicle fire. The incitement 
to install extinguishing systems in this type of vehicles will reduce the risk in the 
future. The greatest problems arise when multiple vehicles become involved in the 
initial incident. The risk for fire spread becomes the largest threat.

The fire physics presented in this handbook will teach the reader that the tun-
nel ceiling height in combination with the ventilation conditions is the single most 
important parameter for further fire development once a fire has started. The initial 
type of fire load in the vehicles involved in the incident is also a contributing fac-
tor. The tunnel height is probably the most underestimated parameter in fire haz-
ard in tunnels. The lower the tunnel height, the higher the risk for continuous fire 
spread, especially in queue situations or when large vehicles become involved. This 
is due to the long flame lengths and thereby the high incident heat fluxes created by 
these fires. The flame lengths, heat fluxes and risk for fire spread are presented in 
Chaps. 9, 10 and 11, respectively.

Table 1.1 contains a summary of large fire incidents involving HGV fires, where 
no direct fatalities have been documented. In Table 1.2, a summary of large fire 
incidents involving HGVs where fatalities are documented is presented. In many 
of these incidents, the passengers or drivers were killed in the accident itself, not 
necessarily because of the fire.

Lönnermark [12] made an analysis of fires involving HGVs and found that fires 
in tunnels involving only one burning HGV very seldom lead to fatalities, but as 
soon two or more HGVs are involved, the fire most often leads to fatalities. These 
conclusions are reflected in what can be interpreted from Tables 1.1 and 1.2.

Kim et al. [13] continued the analyses of different types of accidents and identi-
fied the basic parameters for why certain road tunnel fires developed to catastrophic 
fires while others did not. They concluded that all collision fires where HGVs were 
involved and the fire spread from the initial vehicles involved in the collision are 
extremely hazardous to road users and special measures should be taken to avoid 
them. Kim et al. also indicated that it is likely that the fire rescue service will be 
faced with a sudden increase of gas temperatures and come across a substantial 
number of evacuees which are injured, unconscious or even dead in such fires.

In Kim et al.’s study [13] it was found that the collision fires involving only 
passenger cars at the initial stage of the fires did not spread to the neighbouring ve-
hicles. It was reported that the fires were easily extinguished by the driver or the fire 
brigade [14]. Although fire spread in fire accidents involving a single vehicle is not 
common, single fires can propagate to other vehicles when the initial fire originated 
from a HGV with a large fire load.
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Kim et al. [13] were able to show that fires in road tunnels can be divided into 
two main categories. One category is fire incidents which involve only one vehicle 
without any involvement or influence from other vehicles at ignition. The list of 
road tunnel incidents shows that these kinds of fires develop relatively slowly if 
there is no other special factor which may accelerate the progress, such as fuel 
leakage or explosion of cargo. They are initially small and show some sign of fire, 
such as smoke and flames, so neighbouring vehicles can see what is happening and 
prepare for the emergency within a reasonable time.

The other category is fire incidents which involve more than one vehicle at 
the start of the fire and occur as a result of traffic incidents such as a collision be-
tween vehicles or between a vehicle and the wall of the road tunnel. These kinds 
of fires are expected to occur suddenly without any previous signs so they have 
the potential to develop into a catastrophic fire. The first category was named 
“single fires” and the latter “collision fires”. Among the 69 fires in road tunnels 
that were analysed, 48 (69.6 %) were single fires and 21 (30. 4 %) cases were 
collision fires.

Kim et al. [13] proposed that the two categories (single fire and collision fire) 
can be divided into subcategories depending on whether the fire has spread or not. 
The fire spread was defined as fires propagated to another vehicle which is not en-
gaged in the initial fire. The definition proposed by Kim et al. [13] of each incident 
category were as follows:

• Incident Category 1 (IC1): single fire that does not spread to other vehicles.
• Incident Category 2 (IC2): single fire that propagates to neighbouring vehicles.
• Incident Category 3 (IC3): collision fire that is limited to the vehicles which are 

involved in the collision.
• Incident Category 4 (IC4): collision fire that spreads to other vehicles which are 

not involved in the collision.

The reason for focusing on the fire spread was that it was found to be one of the 
key factors determining the consequences of the tunnel fires studied. The spread of 
fire increased the intensity and size of the fire and hampered the operations of the 
fire brigade. Fire spread also involves more vehicles and road tunnel users in an 
emerging incident so it can potentially claim many casualties and economic losses. 
If a fire does not spread to neighbouring vehicles, the size or the intensity of the fire 
will be limited.

Forty three fires of Incident Category 1 ( IC1) were included in this group. Of 
these, 25 fires occurred in HGVs, three fires in passenger cars, 14 in buses or 
coaches and one in a mobile crane. Among 48 single fires, fire spread was found 
in only five cases. Interestingly, all IC2 fires originated from HGVs. These were 
either a petrol truck or lorries carrying a great quantity of combustible goods, for 
example, tyres in the Frejus tunnel fire of 2005, 9 t of margarine and 12 t of flour 
in the Mont Blanc road tunnel fire of 1999, 600 polystyrene boxes in the Suzaka 
tunnel fire of 1967, hazardous material in the Salang tunnel fire of 1982, and 11 t 
of carbon disulphate in the Holland tunnel fire of 1945. It is reported that most of 
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these five fires had unique factors which may have exacerbated the progress of the 
fire, that is, oil leakage (Mont Blanc road tunnel, 1999), inadequate operational 
procedures (Suzaka tunnel, 1967) and explosion (Salang tunnel, 1982 and Holland 
tunnel, 1945). All IC2 fires claimed casualties and caused significant damage to 
the vehicles.

Seven fires in IC3 are summarized in Table 1.3. Two cases were related to HGVs: 
HGV + bus and HGV + car but no cases with HGV + HGV. The other five cases 
were collisions between vehicles such as cars, buses and motorcycles and the wall 
of the road tunnel. Human fatalities occurred in five cases. It is not clear whether 
human losses were caused by the collision or the fire. However, the likelihood of 
death or injury in IC3 fires is very high.

Among 21 collision fires, 13 fires in IC4 are reported. In all 13 cases, more than 
one HGV was engaged in the collision incidents. All IC4 fires started in HGVs or in 
the vehicles which collided with HGVs. Casualties occurred in all IC4 fires either 
due to the fires or the collisions. Collisions between car(s) and bus(es) and subse-
quent fires were not reported at all.

The situation for the fire fighters becomes difficult to master, and access to the 
fire site depends very much on the technical equipment provided. The ventilation 
system is one example of such system, see Chap. 13. FFFS is also a technical 
system that can improve the conditions for fire fighters, although the final extinc-
tion needs to be carried out manually by the firefighters. The longer the tunnels 
the more difficult the fires will be to fight, unless there is access through escape 
routes.

Table 1.3  Analysis on the previous fires in road tunnels [13]
Type (%) Category No. of fire (%) Location of original fire Casualties
Single firea

(69.6)
IC1 43 (62.3) HGV: 25 Casualty: 11

Bus or coach: 14 No casualty: 32
Passenger car: 3

Mobile crane: 1
IC2 5 (7.3) HGV 5 In all fires, casu-

alties occurred
Collision fire 
(30.4)

IC3 7 (10.1) Motorcycle + 2 cars:1 In five cases, 
casualties 
occurred

Lorry + bus or car: 2
Car + wall: 2
Car + car or bus: 2

IC4 13 (18.8) HGV(s) + cars: 5 In all fires, 
casualties 
occurred

HGV + wall: 1HGV + 
HGV: 1
HGV + car (bus): 3
Not known: 3

Not known 1 (1.5) Not known Not known
a Incidents where only smoke is produced without flame are included into single fires
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1.4.2  Fires in Rail Tunnels

In rail tunnels, the fires are often related to technical failure in the rolling stock, 
either in locomotive machinery, the restaurant area, electrical system, ventilation 
system or arson. These fires are often observed by the passengers or staff, and 
can be dealt with directly. If the fire starts on the outside, it can be due to failure 
in hydraulic systems (leakage, spray etc.) or overheating of brakes. Such fires 
are more difficult to discover, and usually not possible to combat until full stop. 
After full stop these fires can develop fairly rapidly. In some cases, the cause 
of the fire is due to derailment/collision, but these types of fires are difficult to 
prevent due to the complexity of the incidents. Freight trains deserve special at-
tention here, as there are very few crew members, but the potential for a fire of 
long duration is higher. Fighting fires in rolling stock is very difficult and places 
enormous pressure on the rescue services. The sites of rail accident can also be 
difficult to reach.

The potential for a huge incident with many fatalities is much higher in rail 
and metro tunnels or stations compared to road tunnels, simply because of the 
large number of passengers. The frequency, however, of serious fires in rolling 
stock is much lower than for road vehicles. The stringent fire requirements on 
interior and exterior solid materials in modern rolling stock and the type of po-
tential fire risks can explain this difference. In road vehicles there are minimal 
fire resistance requirements, which are reflected in the consequences of road 
vehicle fires.

As mentioned previously, however, the potential for many fatalities in rolling 
stock fires is high, although the risk for fire spread is relatively low provided the 
initial fire in a given section of the train (inside a wagon), does not develop to a 
fully flashed over fire (fully developed). The fire development inside a carriage has 
the same governing physical parameters as a compartment fire. The fuel load, the 
ventilation conditions through openings such as doors or windows, and the size of 
the ignition source, are all important parameters for the fire development. The qual-
ity of the interior material and the windows are also very important. It is first after 
the fire becomes flashed over that there is a risk for continuous fire spread to neigh-
bouring carriages. Such fires have occurred with disastrous outcome. In Tables 1.4 
and 1.5, the Deagu fire 2003, the Kaprun fire 2001 and the Baku fire 1995 are all 
example of such fires.

Other types of rolling stock, such as freight trains, may also create hazardous 
situations, although they usually do not include numerous passengers. The poten-
tial for a significant and long duration fire is higher. Examples of such fires can 
be found in Table 1.4, for example, Summit 1984, Baltimore 2001 and Eurotunnel 
1996 and 2008.

For freight trains carrying fuel tanks or HGVs, the main consequence is the dam-
age to the tunnel structure, similar to that in case of a road tunnel fire. In passenger 
train fires, the main consequence is generally not the damage to the tunnel structure 
but the number of potential fatalities. Most fire incidents with passenger trains do 



18 1 Introduction

not correspond to a large number of deaths. This could be due to the fact that rail-
way tunnels are high and of large cross-sections where people could have some time 
to evacuate through the portals or cross-passages before the toxic smoke completely 
descends to inhalation level. The channel tunnel having a small cross-section but 
equipped with a service tunnel and many cross-passages is an exception. For tun-
nels not equipped with cross-passages and other active fire protection systems, the 
consequences can be expected to be more serious.

Another issue for railway tunnels is that the longitudinal ventilation initially de-
veloped and commonly used for smoke control in road tunnels has been widely ad-
opted in railway tunnels. In particular during the evacuation stage of a fire incident, 
this ventilation scheme could make the situation worse in some cases.

Table 1.4  A list of key fire incidents in rail tunnels [9, 14–17]
Year Name

Country
Length

Initial fire 
location

Most possible 
cause or location 
of fire

Consequence

2008 Channel tunnel
UK/France
L = 51 km

Near the front 
of the train

One HGV 650 m damage

2000 Kitzsteinhorn
Austria
L = 3.3 km

Rear end of the 
train

Hydraulic oil leak 
age to electrical 
heater

155 dead

1999 Salerno
Italy
L = 9 km

Smoke bomb Four dead
Nine injured

1998 Guizhou Chaoyangba #2
China
L = 0.8 km

Gas canister leak-
age, explosion

Six dead
20 injured

1996 Channel tunnel
UK/France
L = 51 km

Suspected arson 34 injured
Severe damage to 
structure

1991 Dayaoshan tunnel
China
L = 14.3 km

Cigarette 12 dead
20 + injured

1984 Summit tunnel
UK
L = 2.6 km

Derailment
13 fuel tanks

Shut for several 
months

1976 Baocheng
China

Derailment, fuel 
tanks

75 dead
38 injured

1972 Hokoriku
Japan

Restaurant fire 30 dead
690 injured

1971 Wranduk
Yugoslavia
L = 1.5 km

Engine fire 34 dead
120 injured

1921 Batignolles
France
L = 1 km

Collision 28 dead
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1.4.3  Fires in Metro Tunnels

A summary of the key incidents in metro tunnels is presented in Table 1.5. It can 
be seen that in these fire incidents, electrical fault is the main cause. Further, 
compared to railway incidents, the consequence of these metro fire incidents is 
characterised by more deaths. Arson fires require special attention. Despite the 
small number of arson fires, the resulting consequence can be expected to be 
most serious. The reason for the catastrophic consequences in these metro tunnel 
fire incidents is mainly due to the small cross-section of the tunnel and the large 
number of passengers on board and in the station. Nowadays, metro systems are 
becoming more and more complicated and constructed at numerous levels down 
to significant depths. Accordingly, fire safety issues will require greater attention 
in the future.

Table 1.5  A list of key fire incidents in metro tunnels [9, 14–17]
Year Name

Country
Initial fire 
source

Most possible 
cause or location 
of fire

Consequence

2003 Jungangno metro In train Arson, Petrol 198 dead and 146 
injured

Daegu, South Korea
1995 Baku metro Rear of 4th car 

out of 5
Electrical fault 289 dead and 265 

injured
Azerbaijan

1991 Moscow metro Underneath of a 
carriage

Electrical fault Seven dead and 
over 10 injured

Russia
1990 New York metro

US
Inside the tunnel Cable Two dead and 200 

injured
1987 King Cross station Escalator in the 

Station
Cigarette 31 dead

UK
1979 San Francisco metro Underneath of a 

carriage
Electrical fault One dead and 58 

injured
US

1972 Hokoriku tunnel Carriage Restaurant 30 dead and 690 
injured

Japan
1903 Couronnes metro Electrical fault 84 dead

France
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1.5  Summary

Catastrophic fires that have occurred in different types of tunnels continue to re-
mind engineers and authorities that this is an important safety field. The large in-
frastructure projects being undertaken requiring significant investments, demand 
concomitant safety solutions that are sound and reliable. Without proper knowledge 
about fire incidents and experiences learned from them, we will not be able to con-
tinue developing such solutions. Therefore, it is very important to analyse incidents 
that have occurred and try to systematize them in order to understand what the key 
parameters are for the outcome of these incidents. The analysis carried out by Kim 
et al. on road tunnel fires is a good example of such analysis and systematisation. By 
dividing the incidents in road tunnels into four incident categories they were able to 
identify the critical issues, for example, the fire spread to adjacent vehicles. As long 
as the fire stays in one vehicle, it remains manageable albeit difficult to deal with. 
In order to better understand these incidents, we need to analyse them from the point 
of view of fire dynamics and the interaction of the tunnel, vehicle, mitigation and 
humans. The following chapters give a deep insight into the fire physics of tunnels 
and thereby constitute a very good knowledge base for future tunnel engineers.
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Chapter 2
Fuel and Ventilation Controlled Fires

© Springer Science+Business Media New York 2015 
H. Ingason et al., Tunnel Fire Dynamics, DOI 10.1007/978-1-4939-2199-7_2

Abstract The effect of ventilation on fire development is one of the most important 
phenomena to understand in tunnel fire safety engineering. Ventilation controls the 
combustion process and is usually the phenomenon that engineers find most dif-
ficult to comprehend. Tunnel fires are considerably different from compartment 
fires in the way flashover occurs and develops; misconceptions about the effects 
of ventilation in tunnel fires are clarified in this chapter. The difference between 
fuel-controlled fires and ventilation-controlled fires is shown and explained. This 
chapter lays out the basics for understanding the role of ventilation interactions with 
other combustion phenomena and in fire development. This chapter is based partly 
on theory, but also includes experimental data obtained by the authors.

Keywords Ventilation control · Fuel control · Oxygen · Combustion

2.1  Introduction

The basic knowledge about fire physics in tunnels is derived from research in com-
partment or corridor fires. Major theoretical and experimental work was carried 
out in the 1950s and 1960s followed up by numerical applications in the 1980s 
and 1990s. This work provided the knowledge base for understanding fire phys-
ics and development in tunnel fires and has been used as a basis for many theoretical 
breakthroughs. This progression, of course, is due to the limited amount of basic fire 
research that has focussed solely on tunnel fires [1]. In the following sections, the effects 
of ventilation that are based on knowledge from compartment fires and which have been 
applied to tunnel fires are identified and explained wherever possible.

2.2  Fire Development in Building Fires

Fire development in compartments or enclosures inside buildings is usually divided 
into periods or stages. In textbooks [2, 3], four distinct time periods of the complete 
fire development process in compartments are usually identified. The fire starts 
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with a growth period which either transitions to a rapid flashover period or, if that 
stage is not achieved, starts to decay and the fire ends. If flashover occurs, the fire 
becomes fully developed during the third period, with relatively constant conditions, 
before it starts to decay during the last period. This complete fire development is 
represented in Fig. 2.1 and is given as either heat release rate (HRR), temperature, 
or rate of combustion products as a function of time. Usually the growth period is 
defined as the preflashover stage, and the post-flashover stage includes the fully 
developed fire and the decay period. The fire development in tunnels cannot be 
described in the same way because the interactions with the enclosure differ con-
siderably.

Traditionally, compartment fires are defined as either fuel-controlled or 
ventilation-controlled. In the growth period or the pre-flashover stage of a 
compartment fire there is sufficient oxygen available for combustion and the fire 
growth is entirely dependent on the flammability and configuration of the fuel. 
During this stage, the fire is defined as fuel-controlled. The fire after the growth 
period can either continue to develop up to and beyond a point at which inter-
action with the compartment boundaries becomes significant (flashover) or it can 
start to decay (dashed line in Fig. 2.1). There are two factors that determine the 
direction of the fire development: a lack of fuel will impede development; or the 
fire will become ventilation-controlled if there is enough fuel but the fire grows to 
a size dictated by the inflow of fresh air ( ) am . The definition and mathematical 
expression of the difference between fuel- and ventilation-controlled fires will be 
given in Sect. 2.4.

Unfortunately, there are different interpretations and use of the terminology 
for fuel and ventilation control. This has resulted in a great confusion among the 
practicing engineers. A fuel-controlled fire, that is when there is enough oxygen 
to combust all the available fuel vapors in the enclosure, is also described as well 

Pre-flashover Post flashoverPre flashover Post-flashover
Heat release 

rate 

or

Temperature 

or Flashover

Fully-developed
fire

Decay

or

Rate of production of 
combustion products

Flashover

Fire
growth

Time

Fig. 2.1  Phases of a typical compartment fire [4]
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ventilated, over ventilated, oxygen rich or fuel lean. A ventilation-controlled fire, 
that is when there is not enough oxygen available to combust all the fuel available 
inside the enclosure, is sometimes described as under ventilated, fuel rich or oxygen 
starved [4]. This can cause confusion for the reader, but as authors use different 
words to describe the same physical phenomena it is unavoidable and difficult to 
deal with. Due to this confusion it is very important to understand the basic differ-
ence of these two combustion modes. The term fuel and ventilation control will be 
used in this chapter.

For compartment fires the transition period between fuel- and ventilation-
controlled fire is usually defined as the ‘flashover’. Flashover means that everything 
that can burn inside a compartment starts to burn during this stage. The situation is 
shown in Fig. 2.1 as a sudden increase in the HRR. This can also be described as 
a sudden increase in gas temperature, production of yields of gases such as carbon 
dioxide (CO2) or other well defined production terms.

2.3  Fire Development in Tunnel Fires

Tunnel fires are generally fuel-controlled as there are seldom restrictions to air 
access. Tunnels usually have two or more portals and therefore act as communicating 
spaces if no mechanical ventilation is installed. The fire is supplied with air due to 
pressure differences between the fire gases and the atmosphere and possibly the 
pressure difference between portals. This is represented by the diagrams on the left 
side in Fig. 2.2 for fuel-controlled compartment fires and tunnel fires. However, in 
severe fires such as the Mont Blanc, Tauern, and the St. Gotthard fire disasters [5] 
with multiple large vehicles involved, the supply of air was not enough to sustain 
complete combustion. This will result in a sudden increase in the production of 
carbon monoxide (CO) and all the oxygen (O2) that is transported to the fire source 
could be consumed. This may not be the case if only one vehicle is burning, but will 
definitely occur when more vehicles are involved. This situation is represented by 
the picture on the right side in Fig. 2.2 for ventilation-controlled tunnel and com-
partment fires.

The way the air is supplied to the fire source is a key issue for these types of large 
fires. If there is a supply of fresh air between burning vehicles the fire will continue 
to develop as long as there is enough oxygen available. If the fire is supplied with 
air from one direction as in longitudinal ventilated tunnels, it is possible to estimate 
how much air is needed to sustain complete combustion.

Figure 2.3 shows the possible fire development in large tunnel fires such as the 
Mont Blanc and the Tauern fires where many large vehicles were completely con-
sumed in the fire. In such large fires there are five different zones assumed [4]:

• burnt out cooling zone
• glowing ember zone
• combustion zone
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XO2=20.95%XO2, Tg

Tg = 900 oC–1350 oC

X

1 2zone 3 4 5

1 X2X=0 X

Fig. 2.3  Schematic representation of the burning process of a ventilation-controlled fire in a 
tunnel [4]
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Flashover

Tunnel

Natural ventilation

Forced ventilation

Fig. 2.2  Fuel-controlled ( left-side) and ventilation-controlled fires in a compartment and a tunnel 
( right-side) with natural draught ( middle) and forced ventilation ( lower), respectively [4]. The 
arrows indicate the flow of fresh air
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• excess fuel zone
• preheating zone

Figure 2.3 is based on the original work by de Ris [6]. Provided that there are 
enough large vehicles in the vicinity of the initial fire, these different zones move 
forwards in a dynamic manner. The most interesting zone is the ‘combustion zone’ 
involving the burning vehicles. The combustion zone starts at x = 0 (see Fig. 2.3) 
and contains fully developed fires in numerous vehicles. Here, we assume that there 
is enough fuel-vapor and oxygen to support continuous combustion. Flames are 
observed throughout this zone. The gas temperature beyond x = 0 increases rapidly 
until it reaches a peak value at x = x1, that is just behind the combustion zone. At 
the same time, the oxygen supplied to the combustion zone is rapidly depleted. The 
explanation given by de Ris [6] on oxygen reduction was originally deduced for duct 
fires. De Ris’ explanation fits very well to a tunnel situation with numerous large 
vehicles placed close together, and where the fire can spread easily. The ‘excess 
fuel zone’, where all oxygen has been consumed in the combustion zone, starts at 
x = x1. Fuel vaporises from the vehicles throughout this zone, although no combus-
tion takes place here due to lack of oxygen. This will occur up to a point along the 
tunnel where the gas temperature has decreased to the fuel pyrolysis temperature. 
This temperature (at the surface of the material) can be assumed to be higher than 
300 °C for the majority of solid materials. Beyond this point, that is point x = x2 in 
Fig. 2.3, no vaporisation of the vehicles occurs. At the same time the hot gas flows 
into a so-called ‘preheating zone’ and exchanges heat with the tunnel walls and 
preheats the vehicles that have not yet started to burn within this zone.

Model scale tests carried out by Hansen and Ingason [7] verifies very well this 
process in longitudinal tunnel flows with multiple objects burning. The oxygen 
on the downstream side is virtually zero, and the CO production starts to increase 
significantly. The increase of CO production is the best indicator of a ventilation-
controlled situation. This is discussed in more detail in Sect. 2.6.

There is a third mode of combustion conditions related to ventilation in build-
ings and tunnels. This is a mode of inerting (sometime called vitiation or mixing of 
vitiated air) of the fire source. This mode may be very important for fires in tunnels 
with natural ventilation. If the base of the fire source is completely surrounded by 
air that has high content of inerting gases (vitiated air) such as CO2 it may self-
extinguish. The inerting air, which is a mixture of air and combustion products, has 
usually about 13 % oxygen when the fire will self-extinguish (That is, flammability 
limits are exceeded) [8]. This limit is to some extent temperature dependent [9]. 
Increasing temperature tends to lower the flammability limits and thereby the con-
centration when the fire self-extinguishes. The temperature dependence is discussed 
in further detail in Sect. 2.7.

There are mainly two situations where inerting may occur in tunnel fires. The 
first one is in very long tunnels (tens of kilometres) with natural ventilation and 
nearly no slope and where one can expect long back-layering distances. The back-
flow of mixed air toward the fire may be highly inerted due to mixing of combustion 
products that are transported backward from the fire with fresh air flowing from the 
entrance toward the fire, see Fig. 2.4.
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When this inerted air reaches the base of the fire it will affect the combustion 
efficiency. Depending on the degree of mixing and stratification of the airflow that 
reaches the fire source, different effects are observed. Currents with pure fresh air 
along the tunnel floor will usually supply the fire with sufficient oxygen to sustain 
combustion at the lower levels of the fire. At the upper/higher levels, some influ-
ences on the combustion efficiency may occur. Self-extinguishment due to inerted 
backflow is difficult to obtain in this situation, simply because the mixing of fresh 
air and combustion products is not efficient enough. The entire base of the fire 
has to be covered with inerted air of less than 13 % oxygen in order to obtain self-
extinguishment.

Self-extinguishment in tunnels due to inerted air has been observed in experiments 
with a model scale tunnel but the experimental conditions were in these cases quite 
special [10, 11]. The fresh air was choked upstream of the fire by reducing the inlet 
area. As the fresh airflow was reduced, the degree of mixing upstream of the fire 
increased. At a certain critical area the fire self-extinguished due to the inerted air 
(< 13 % oxygen) created by the mixing of the backflow combustion products and 
inflowing fresh air.

When inerted air surrounds the fire source, and conditions reach the flammability 
limits, the fire will not produce much CO or smoke. The radiation levels decrease 
and some flames lifting from the fire source can be observed [10–12]. This has been 
observed in many fire tests by the authors. There is nothing which indicates that this 
would not occur in a similar situation in a tunnel fire, that is when the surrounding 
inerted air reaches the flammability limits, the flame volume, CO production, and 
soot production will decrease considerably.

The second condition where vitiation may occur is in a long tunnel with only one 
opening, such as a tunnel under construction or a mine tunnel. If no mechanical ven-
tilation is present, or the ventilation is shut off after a fire, this could result in smoke 
and combustion gases redrawn back to the fire from either one or two directions, as 
it mixes with the fresh air coming in from the portal. This may result in self-extin-
guishment of the fire. This has not been reported from any real fires, but Lönnermark 
and Ingason [13], reported about this phenomena in model scale tests carried out 
using dead end tunnels with only one portal at a higher level than the dead end, 
where the fire source was located. The fire did not succeed to establish a circulating 
flow between the fire source and the portal, so the mixing backflow coming toward 
the fire source had less than 13 % oxygen when the fire self-extinguished. The com-
bustion conditions were influenced prior to reaching the flammability limits and the 
HRR of the fire was reduced significantly compared to a fully ventilated fire.

Fig. 2.4  Schematic representation of an inerted fire in a long tunnel. The arrows pointing toward 
the fire indicate inerted (vitiated) air flow
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2.4  Fuel or Ventilation Control in a Compartment Fire

In this section, the focus is on fully developed fires in a compartment. The param-
eters that govern whether the fire will go to flashover include the fire load, the 
dimensions of the compartment and the ventilation openings as well as the thermal 
properties of the surrounding walls. Flashover in a compartment has been explained 
as thermal instability caused by the energy generation rate increasing faster with 
temperature than the rate of aggregated energy losses [14]. Usually, this phenom-
enon occurs during a short period and results in a rapid increase of HRR, gas tem-
peratures, and production of combustion products. After a flashover has occurred 
in a compartment, the rate of heat release will develop to produce temperatures of 
900–1100 °C. The period after flashover is called the post-flashover stage or the 
fully-developed fire period, see Fig. 2.1. During this period, the HRR is assumed 
to be dictated by the oxygen flow through the openings and the fire is therefore 
defined as ‘ventilation-controlled’, see Figs. 2.2 and 2.5. The heat released depends 
upon the amount of air available within the compartment. The air mass flow rate 
through the opening,  am , can be expressed in general terms [15, 16] as:

 (2.1)

where δ is a proportionality constant which is a weak function of temperature, ρa  is 
the ambient density (kg/m3), A0 is the area of the opening (m2) and h0 is the height 
of the opening (m). The mass flow rate of the fresh air flowing into a compartment 
could be simply estimated using the classic enclosure fire theory.

If we consider Fig. 2.5, we can integrate the total mass flow rate entering the 
enclosure by the following equation:

 
(2.2)

0 0δρ= a am g A h

1

0

( )ρ= ∫

h

a d am C wu z dz

Fig. 2.5  Post-flashover in a compartment fire
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where dC  is the flow coefficient, 1h  is the height from the neutral layer to the floor 
level and u(z) is the velocity as a function of height z, see Fig. 2.5. The w is the 
width of the opening (with the area 

0A ) which can be the door width. With aid of 
Bernoulli’s equation we can obtain the following relationship for the horizontal 
velocity entering the enclosure:

 (2.3)

where 1ρ ρ ρ ρ  ∆ = − = −  
a

a a

T

T
. Introducing Eq. (2.3) into (2.2) yields the 

following equation:

 (2.4)

Integration of Eq. (2.4) yields the following equation:

 
(2.5)

Karlsson and Quintiere [3] gives a correlation between h1
 and h0

:

 
(2.6)

Introducing Eq. (2.6) into Eq. (2.5) we yield the following relationship:

 

(2.7)

Karlsson and Quintiere [3] have shown that the term 
31/3

/

1 ( / )

ρ ρ

ρ ρ

∆

 + 

a

a

, which

they define as density factor, can be approximated by a value of 0.214 in the case of 
fully developed fires in an enclosure, see Fig. 2.6.

Thus Eq. (2.7) can be simplified to:

 (2.8)

where we use 
0 0=wh A . Eq. (2.8) can be rewritten and is identical to Eq. (2.1):

 (2.9)
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where 
31/3

/2
2

3 1 ( / )

ρ ρδ
ρ ρ

∆
=

 + 

a
d

a

C . This means that for a fully developed fire,

δ is a weak function of the gas temperature. The value of δ has been estimated 
to be either 0.13 [16] or 0.14 [15], respectively, for postflashover fires. Assuming 
that Cd is equal to 0.7 and the density factor is 0.214, we obtain δ = 0.14 using the 
equation for δ. The value of δρa g  in the preflashover case (fuel-controlled) is 0.3 
(kg/s m−5/2) and 0.5 (kg/s m−5/2) in the postflashover (ventilation-controlled) case 
assuming the density, ρa, is equal to 1.22 kg/m3 and g equal to 9.81 m/s2. For the 
postflashover this can be written as:

 (2.10)

The term 00A h  is better known as the ‘ventilation factor’ and originates from Ber-
noulli’s equation applied to density flow through a single opening [2].

Assuming that each kg of oxygen used for combustion produces about 
13.1 × 103 kJ [17, 18] and that the mass fraction of oxygen 

2
( )OY  in air is 0.231 we 

can approximate the maximum HRR that is possible inside a compartment during 
the ventilation-controlled stage. If we use the values given earlier in combination 
with Eq. (2.1), that is 13.1 × 103 × 0.231 ×  am  where 0 0δρ= a am g A h , we obtain 
the maximum HRR, max

Q  (kW), within the compartment 5/2( 0.5 kg /s m )δρ −=a g  
as [4]:

 (2.11)

According to all text book literature, all the oxygen entering the compartment 
is assumed to be consumed within the compartment. This assumption has been 
challenged by Li et al. [19] as they pointed out that it is impossible to consume all 

0 00.5= am A h

max 0 01500≈Q A h

Fig. 2.6  The density factor as a function of the gas temperature inside the compartment
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the oxygen that enters the compartment inside the compartment itself. It was stated 
that the maximum HRR can be estimated based on full consumption of the oxygen 
flowing in through the openings multiplied by a correction factor, which depends on 
the heat absorbed by the fuel surfaces and the fuels available. The heat absorbed by 
the surfaces is proportional to the heat of combustion and inversely proportional to 
the heat of pyrolysis. In summary, Li et al. [19] concluded that although these types 
of fires are normally called ventilation-controlled fires, they are also closely related 
to the type and configuration of the fuels inside the compartment, that is they are 
in some way also fuel controlled because much of the combustion process occurs 
outside the openings in fully developed fires.

Ingason [20] explains this in a slightly different way, purely based on the earlier 
view that in a flashover situation all the oxygen is consumed inside the compart-
ment. This includes the assumption that the rate at which air enters the compartment 
is insufficient to burn all the volatiles vaporising within the compartment and the 
excess volatiles will be carried through the opening with the outflowing combustion 
products (That is, all oxygen is consumed and unburned fuel will leave the com-
partment). This is normally accompanied by external flaming in the vicinity of the 
opening as shown in Fig. 2.7.

Ingason [20] reported that this phenomenon becomes important when one wish-
es to estimate the maximum HRR in a ‘postflashover’ steel body train coach located 
inside a tunnel. Equation (2.10) may underestimate the maximum HRR within the 
tunnel if excess volatiles are burned outside the train coach. Model scale tests (1:10) 
of a fully developed fire in a train coach showed that the maximum heat release 
when all windows were open was on average 72 % higher than the value obtained 
according to Eq. (2.11) [20]. This means that 42 % of the total fuel vaporised within 

Fig. 2.7  A fully developed fire in a train coach (photo Tomas Karlsson)
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the coach (assuming that all the oxygen in the entrained air is consumed within the 
coach) is burned outside the openings.

Bullen and Thomas [21] have showed that the amount of excess fuel burning out-
side the openings is mainly dependent on the fuel surface area and the ventilation factor 

0 0A h . Thus, assuming that this factor is relatively constant for this type of geometry 
(a train coach) the maximum HRR according to Eq. (2.11) was proposed by Ingason 
[20] to be multiplied by a factor of 1.72. Ingason [20] proposed a more general expres-
sion of Eq. (2.11), where maximum HRR in a train coach after flashover such as the 
one shown in Fig. 2.7 can then be estimated according to the following equation:

 (2.12)

where η  is a correction factor which may be determined from experiments. Li et al. 
found that this correction factor can vary considerably. The correction factor ranged 
from 0.67 to 1.7 and was found to be around 1.27 in full scale tests carried out with 
a commuter train inside a tunnel [19]. The work of Li et al. [19] will be presented 
in more detail in Chap. 6.

Example 2.1
What is the HRR of the burning train coach shown in Fig. 2.7? The coach windows 
are 1.0 m wide and 1.0 m high and there are seven windows on each side. The door 
opening is 1 m wide and 2 m high. The total opening area times the square root of 
the opening heights is 15.4 m5/2 ( )5/2

0, 0, 0, 0, 15.4 m+ =∑ window window door doorA h A h .

Solution: According to Eq. (2.11) the maximum HRR is equal to 23 MW. This means 
that if this coach were burning in a tunnel the total HRR inside the tunnel would 
be higher than 23 MW since fuel volatiles are burning outside the openings. This 
can be estimated by multiplying the value obtained using Eq. (2.12) by a constant 
of 1.7. Thus, the maximum HRR from the burning coach in Fig. 2.7 is estimated to 
be 40 MW. This estimated value could be conservative since the highest correction 
factor obtained from tests is used in the calculation.

2.5  Fuel or Ventilation Control in a Tunnel with 
Longitudinal Flow

Ingason [4] has developed a method to determine whether a tunnel fire is fuel or ven-
tilation-controlled. According to the definition of fuel control (or well-ventilated), the 
oxygen or the oxidant is in unlimited supply and the rate of combustion is independent 
of the oxygen supply rate or mass flow rate of air. The HRR is then determined by the 
fuel supply rate or mass flow rate of the vaporised fuel. The combustion behavior is 
then similar to that of combustion in the open where access to air is unlimited. The 
combustion efficiency will be controlled by the local mixing of air and fuel.

A ventilation-controlled fire (or under-ventilated) is, in contrast, controlled by 
the oxygen supply and the rate of combustion or HRR becomes dependent on both 

max 0 01500η≈Q A h
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air and fuel supply rates. The efficiency of combustion depends on the fuel sup-
ply rate relative to the oxygen supply rate. When precisely the necessary amount 
of oxygen is available to enable complete combustion one says that the mixture is 
“stoichiometric”. The stoichiometric coefficient, r, which gives the mass ratio of air 
to fuel required for stoichiometric combustion of fuel to produce CO2 and H2O, can 
be obtained using the following equation by Ingason [4]:

137.8
4 2

12 16

 + −  
=

+ +

b c
a

r
a b c 

(2.13)

where the letter index comes from a generic fuel (CaHbOc). In order to demonstrate 
the use of Eq. (2.13) let us consider an example.

Example 2.2
How much air is required to completely burn 1 kg of propene, C3H6?

Solution: Here a = 3, b = 6 and c = 0. With the aid of Eq. (2.13) we obtain the 
stoichiometric ratio, r = 14.7. This means that 14.7 kg of air are required to com-
pletely burn 1 kg of propene.

There are many different ways of characterising the relationship between air 
(oxygen) supply and the fuel supply. Tewarson [22] define the fuel-to-air equiva-
lence ratio, φ , as.

φ =




f

a

rm

m
 

(2.14)

where  am  is the mass flow rate of air (oxygen) supply,  fm  is the fuel mass loss rate 
(fuel supply, in kg/s) and r is the stoichiometric coefficient for complete combustion 
obtained by Eq. (2.13). Beyler [23] defines the equivalence ratio φ  as the normal-
ized fuel to air ratio, which is the same as given by Tewarson.

The fuel-to-air equivalence ratio, φ , can be used to determine whether a fire is 
fuel-controlled or not. In the case when the fuel-to-air equivalence ratio φ is less 
than one, 1φ < , then the fire is assumed to be fuel controlled (well-ventilated). 
When the fuel-to-air equivalence ratio, φ , is equal to one ( 1)φ = , the combustion 
process is stoichiometric (complete combustion). In the case when the fuel-to-air 
equivalence ratio, φ , is larger than one, (That is, 1φ > ) then the fire is assumed to be 
ventilation-controlled (under-ventilated).

2.5.1  Fuel Control

When the fire is fuel-controlled ( 1)φ < , the HRR is directly proportional to the 
fuel mass loss rate,  fm . The chemical HRR, Q (kW), which is directly proportional 
to the fuel mass loss rate,  fm  (kg/s), can then be calculated using the following 
equation:
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 (2.15)

where ∆ cH  is the net heat of complete combustion (kJ/kg), that is in which the water 
produced is in the form of a vapour. In fires the combustion of fuel vapours is never 
complete, and thus the effective heat of combustion ,( )χ∆ = ∆c eff cH H  is always 
less than the net heat of complete combustion ( )∆ cH . Further, the combustion ef-
ficiency χ  is the ratio of the effective heat of combustion to net heat of complete 
combustion, that is, , /χ = ∆ ∆c eff cH H  [24] (Tewarson [24] refers to the ‘effective 
heat of combustion’ as the ‘chemical heat of combustion’). The fuel mass loss rate is 
sometimes expressed as the fuel mass loss rate per unit area of fuel ( Af), ′′ fm , which 
means that  fm  can be replaced by ′′ f fm A  in Eq. (2.16).

2.5.2  Ventilation Control

If the fuel-to-air mass ratio is larger than the stoichiometric value, 1φ > , then the fire is 
defined as ventilation-controlled and the HRR, Q , is directly proportional to the mass 
flow rate of air,  am , (That is, proportional to the oxygen supply) available for combus-
tion. Sometimes, but not always, we can simplify this by saying that the oxygen con-
centration in the gases flowing out of the compartment or the tunnel portal is essen-
tially zero. One notable exception is ventilation-controlled fires in large compartments 
with small openings (That is, no flashover). There are different methods to determine 
the HRR for the ventilation-control conditions. The simplest is the following equation, 
which assumes complete combustion and that all the supplied air,  am , is consumed:

∆
= 

c
a

H
Q m

r 
(2.16)

where the ratio /∆ cH r  is nearly constant for most carbon based material [18]. The 
energy release per kg of air consumed is approximately 3000 kJ/kg. If all the oxygen 
were consumed, the energy released would correspond to 13 × 103 kJ/kg of oxygen 
consumed. This can be derived by dividing the ratio /∆ cH r  with 0.231 which is the 
mass fraction of oxygen in air. This number is well known from calorimeter mea-
surements in fire laboratories [25] which use the average value of 13.1 × 103 kJ/kg 
when calculating the HRR based on gas measurement and mass flow rates of com-
bustion gases in a hood system.

2.5.3  Determination of Combustion Mode

The combustion mode is important to know. There are different ways to obtain that. 
In order to make a simple estimation of the combustion mode, that is determine 
whether the fire is fuel-controlled, stoichiometric or ventilation-controlled in a tun-
nel, we can combine Eqs. (2.14) and (2.15), and assume 1χ = , to give:

χ= ∆

 f cQ m H
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3000
φ =



 a

Q

m 
(2.17)

Equation (2.17) assumes that not all the air is necessarily consumed. Depending 
on the value of φ the degree of combustion efficiency is determined. If we assume 
stoichiometric combustion, that is φ becomes equal to 1, then the mass flow rate to 
obtain a complete combustion is

3000
=



 a

Q
m

 
(2.18)

This equation can also be written as:

3000=  aQ m
 

(2.19)

where Q  is now in kW. This equation is of interest to estimate the fire size in a train 
coach with airflow  am  through windows and door openings. It can also be used to 
estimate how large a fire can become in a tunnel with a longitudinal flow, assuming 
good ventilation conditions around the fire source. If we have a tunnel with a cross-
sectional area A (m2) and we have a longitudinal centreline air flow ( / )u m s  at an 
ambient temperature of 293 K.

3130=Q uA
 

(2.20)

where Q is in kW and a flow coefficient Cd of 0.87 for a longitudinal flow in tunnel 
is assumed.

In some cases, it is of interest to know how much oxygen is left after the com-
bustion assuming that all the fuels are consumed. The mass fraction of unreacted 
oxygen or air passing the fire can be estimated using the following equation [4]:

3000β
−

=







a

a

Q
m

m
 

(2.21)

Here, it is assumed that not all the air ( ) am  is consumed by the fire. The use of 
Eqs. (2.17) and (2.21) is illustrated by Example 2.3.

Example 2.3
Assume a fire is burning in a Heavy Goods Vehicle (HGV) in a tunnel which is 6 m 
high and 10 m wide and having longitudinal ventilation inside the tunnel with a 
centreline velocity of 2 m/s. The fire is estimated to reach a peak HRR of 150 MW. 
Is the fire ventilation-controlled or fuel-controlled when the fire becomes 150 MW? 
The air density within the tunnel is ρa = 1.2 kg/m3. What is the largest fire that can 
exist in the tunnel before it becomes ventilation-controlled?

Solution: First we calculate the mass flow rate of air; 
0.87 1.2 2 6 10 125 kg/s= × × × × = am , where 0.87 is the flow contraction coefficient 
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for tunnel flow. Equation (2.17) gives 150000/(3000 125) 0.4φ = × = . This value is 
less than 1 and therefore the fire is fuel-controlled ( 1)φ < . This also means that un-
reacted air is passing the combustion zone. The mass fraction of unreacted air can 
be obtained with Eq. (2.21); β = (125−(150 000/(3000)))/125 = 0.6. This means that 
60 % of the available oxygen in the airflow remains unreacted and 40 % has been 
consumed in the fire. Using Eq. (2.20) we find that the fire cannot be larger than 
3130 × 2 × 6 × 10 = 375,000 kW (375 MW), unless it becomes ventilation-controlled. 
If we put 375,000 kW into Eq. (2.21) we get β = 0 which implies that all oxygen has 
been consumed in the fire.

When the oxygen concentration at a given distance downstream of the fire in 
a forced ventilation flow is essentially zero, the fire gradually changes from fuel-
controlled ( 1)φ <  to ventilation-controlled fire ( 1)φ > .

Ingason [4] proposed to use the ratio of mass flow of CO and CO2 as an indicator 
of a ventilation-controlled fire. This can be expressed as the ratio 

2
/ . CO COm m  When 

the values of the ratio begin to increase considerably, COm  is the parameter that 
increases fastest, which indicates that there is not enough oxygen to combust all 
the available fuel. Tests in nontunnel environments showed that the ratio 

2
/ CO COm m  

increases exponentially as the fire become ventilation-controlled for both diffusion 
flames of propane and propylene and wood crib fires [24]. Tewarson [26] inves-
tigated this thoroughly and presented a correlation between the ratio 

2
/ CO COm m . 

Tewarson [26] was able to show that wood crib fires become ventilation-controlled 
when the ratio 

2
/ 0.036> CO COm m  and gas diffusion flames become ventilation-

controlled when this ratio is greater than 0.1. Ingason [4] proposed the following 
equation for 

2
/ CO COm m

2 2 2 2

0.636= =




CO CO CO CO

CO CO CO CO

m M X X

m M X X
 

(2.22)

as an indicator for combustion mode where X is the volume concentration (or 
mole fraction) and M is the molecular weight ( M is 28 g/mol for CO and 44 g/mol 
for CO2). Thus, the limits for ventilation control when using this equation are 

2
/ 0.057>CO COX X  for wood cribs and 0.157 for gas diffusion flames.

Hansen and Ingason [7, 27] performed fire tests in a 10 m long model-scale tunnel 
(1:15) where the longitudinal flow varied as well as the amount of fuel (number of 
wood pallet piles) used in the tests. The HRRs from the fire when four piles of 
scaled wood pallets were burned varied from 454 to 504 kW. For a single pile, the 
HRR was about 150 kW. The velocity in the tunnel was 0.3, 0.6, and 0.9 m/s, respec-
tively and the cross-sectional area was 0.24 m2. The maximum size of a fire that can 
exist, as calculated using Eq. (2.20): 3130 × 0.6 × 0.24 = 451 kW before it becomes 
ventilation-controlled. This is very close to the HRR measured in the tests. This 
means that the fire, when spreading to all four of the wood pallet piles, should be 
ventilation-controlled and some increase in the CO production should be expected.

Therefore, analysis of not yet published information on gas concentrations from 
one test is included and discussed. Test number 11 of the test series in question was 
selected for the analysis. The peak HRR was measured to be 464 kW. In full scale 
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this corresponds to HRR of 404 MW, which is a very large tunnel fire. This would 
correspond to two to four HGV vehicles burning at the same time. In Fig. 2.8 photos 
of the test setup are shown. The photo to the left shows test number 11 shortly after 
ignition of the first wood pallet pile. The longitudinal ventilation rate was 0.6 m/s, 
which corresponds to 2.32 m/s in full scale. The free-space distance between the 
first pile and the second one was 0.7 m, between the second and the third 0.9 m and 
between the third and the last one 1.1 m. Multiplying these lengths with the scale 
factor of 15 gives the full scale free space lengths 10.5, 13.5, and 16.5 m, respec-
tively. In the photo to the right, we see that the fire has spread to all the wood pallet 
piles used in the test 11. The gas concentrations (O2, CO2, and CO) were measured 
on the downstream side 8.75 m from the entrance of the tunnel and approximately 
2 m from the last pile. In Fig. 2.9, results of the gas concentration measurements at 
the ceiling height (0.9 × H) are shown.

It is of interest to investigate the ratio 
2

/CO COX X  in order to determine if the fire 
is ventilation-controlled. From the graph in Fig. 2.9 (time equal to 423 s), we obtain 
a CO concentration of 2.0 %, a CO2 concentration at the corresponding time of 19 % 
and the O2 is only 0.5 % (essentially zero). This means that the ratio 

2
/CO COX X  is 

2/19 = 0.105, which is higher than 0.056 given earlier for wood. In summary, we can 
say that this exercise with the test data indicates that Eqs. (2.17) to (2.22) are good 
indicators of the conditions in a tunnel with a longitudinal ventilation flow.

Although one should calculate the average values of O2, CO2, and CO based on 
numerous points over the tunnel cross-section, this was not possible as the only 
additional measuring point was the CO measuring point at half the tunnel height in 
the tests. The value of CO at the corresponding time was 2 %. The CO2 instrument at 
the same position had only a measurement range from 0–10 %, and there was no O2 
measurement available at this height and length position. However, there was a ther-
mocouple tree at the same position with five measuring points. These measurements 
show that there was very little variation in the temperature over the cross-section. 
Thus, one can conclude that the values shown in Fig. 2.9 are quite representative for 
the entire cross-section. Therefore, the theory that the condition for a ventilation-
controlled fire is defined by 

2
/ 0.056>CO COX X  for wood is confirmed.

Fig. 2.8  Reduced scale tests using scaled wood pallets. This is test number 11, presented by 
Hansen and Ingason [7, 27]
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If there were additional wood pallet piles present in the tests, those piles would 
simply not ignite, at least not until the first piles have burned out. Due to the 
extremely high temperatures, these additional piles would continue to generate 
pyrolysis gases in accordance to the description given in Fig. 2.3.

This test really confirms how tunnel fires with longitudinal flow become venti-
lation-controlled. This is almost an extreme situation, and in order to obtain it one 
needs many large vehicles inside the tunnel and the fire must spread between them.

There is a misconception among engineers and scientists that when the oxy-
gen concentration becomes lower than the flammability limits the fire will become 
ventilation-controlled or under-ventilated. That would mean that when the oxygen 
concentration is close to 13 %, the fire will not become larger and the size of the 
fire is governed by the air flow toward the fire. This is simply not true as has been 
shown earlier, both theoretically and experimentally. One may speculate that, in a 
case in which the second, third, or the fourth pile, or a vehicle in a real situation, is 
surrounded by oxygen concentrations lower than 13 %, the fire may self-extinguish 
or become ventilation-controlled. This explanation would not hold simply because 
the surrounding gas temperature is also a governing parameter for the combustion 
process. As in a combustion engine, a tunnel fire can burn until all the oxygen has 
been consumed as shown by test 11. This requires that the ventilation conditions 
and the surrounding gas temperature are suitable.

Fig. 2.9  The measured gas concentrations of O2, CO2, and CO 8.8 m from the entrance of tunnel 
for test number 11 in Hansen and Ingason [7, 27]
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2.6  Effects of Vitiation on the Combustion Process

It is a well-known fact that a diffusion flame in an inerted environment will extin-
guish before consuming all the available oxygen from the surrounding atmosphere 
at ambient gas temperature or at least relatively low gas temperatures. It is also well 
known that if the surrounding gas temperature increases, the amount of oxygen that 
can be consumed will increase. This would establish a theorem that there is a cor-
relation between the surrounding gas temperature and the level of oxygen at which 
the fire will self-extinguish. It is also known that as the conditions get closer to these 
limits, production of soot and CO decreases. This contradicts the idea of ventilation 
control, as one would expect an increase in the production of these parameters.

Beyler [28] has established a correlation between these critical conditions that 
depend on the surrounding gas temperature and the oxygen concentration. Beyler 
simply assumed that the critical adiabatic flame temperature governs the extinction 
of the fire. During adiabatic conditions, it is known that the energy released by 
combustion of the available oxygen in the surrounding air will raise the bulk gas 
temperature of the surrounding air by an amount equal to:

( )= −

 a p fQ m c T T
 

(2.23)

where cp is the average specific heat of gas over a given temperature range.
We can rearrange Eq. (2.16) as follows:

2
3000 13100

∆
= = =

  

c
a a O a

H
Q m m Y m

r 
(2.24)

If we use the relationship 2

2 2 2
= Υ =  

O

O O a O a
a

M
m m X m

M
 where Y is mass fraction and

M is mole mass (g/mol), and put it into Eq. (2.24) and combine it with Eq. (2.23) 
we obtain:

2

2

( )

13100

−
= p fa

O
O

c T TM
X

M
 

(2.25)

If we assume the average cp over the temperature range of interest (300–1700 K) 
is equal to 1.1 kJ/(kg K), and a critical adiabatic flame temperature of 1700 K as 
proposed by Beyler [28] for most hydrocarbon fuels, and use Ma = 28.95 g/mol, 
MO2

 = 32 g/mol, we will obtain a correlation using the relationship between the 
surrounding gas temperature and the oxygen concentration in % that indicates the 
oxygen level at which the fire would self-extinguish:

2
0.0076(1427 )= −OX T

 
(2.26)

Here T is given in °C. In Fig. 2.10, Eq. (2.26) is plotted as function of the temperate 
in °C.
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This correlation can be used to estimate the effects of inerted air on fires in 
tunnels with longitudinal or natural ventilation. If we use the temperature measured 
in Hansen and Ingason [7, 27] on the downstream side of the fire, the highest tem-
peratures measured in Test 11 were about 950 °C. This would mean that the lowest 
oxygen contents would be about 3.6 %, which is higher than those measured in the 
fire tests, that is, a value less than 1 %. The use of Eq. (2.26) is very valuable in 
order to better understand the fire physics in tunnels with longitudinal ventilation. 
In tunnels with natural ventilation and recirculating mixed or inerted air, the tem-
peratures are lower in the combustion zone, and therefore one should expect higher 
levels of oxygen before it starts to affect the HRR. Most likely, there are also 3D 
local effects in this process, which is difficult to estimate and calculate in a one 
dimension process.

2.7  Summary

The chapter gives an overview of different effects of ventilation on the combustion 
process. It explains the differences between a fuel-controlled (well-ventilated) fire 
and a ventilation-controlled (under-ventilated) fire. A comparison between com-
partment fires and tunnel fires is given in order to explain the physical meaning of 
the terms fuel and ventilation control. A third condition was also introduced, namely 
the effects of inerting, which in some aspects can be classified as under-ventilat-
ed fire. This appears to be more important than earlier thought, as in naturally 
ventilated tunnels this may become an important phenomenon. The effects of the 
surrounding temperature on the vitiation or inerting effect of the mixing air are also 
shown.

Fig. 2.10  The correlation 
between the critical oxygen 
volume concentration and 
the critical gas temperature 
according to Eq. (2.26)
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Chapter 3
Tunnel Fire Tests
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Abstract This chapter gives a detailed overview of numerous large-scale fire tests 
carried out in different types of tunnels. Some important model scale tunnel fire 
tests are also included. The information given, sets the level of knowledge from this 
type of tunnel fire testing. The reason for doing tests is to obtain new knowledge 
about different phenomena. Although the focus is on large-scale testing, the funda-
mental knowledge is obtained both from large-scale and intermediate size tunnel 
testing as well as laboratory testing (For example, scale models). The aim is usually 
to investigate some specific problems such as influence of different ventilation sys-
tems on smoke and temperature distribution along the tunnel, the fire development 
in different type of vehicles, and the effect of heat exposure on the integrity and 
strength of the tunnel construction.

Keywords Fire tests · Measurements · Heat release rate (HRR) · Temperature · 
Flame length · Large-scale · Model scale

3.1  Introduction

Large-scale testing is generally costly as they are time consuming and logistically 
complicated to perform. This is one of the main reasons why the number of large-
scale tests in tunnels is limited. The information obtained is sometimes incomplete 
and the instrumentation is often insufficient. There is a need, however, to perform 
large-scale tests in order to obtain acceptable verification in realistic scale. The data 
obtained from such large-scale tunnel fire tests, provides the basis for the technical 
standards and guidelines used for tunnel design today [1, 2].

An overview and analysis of large-scale tests performed in road and railway 
tunnels is given here. The analysis presented in this chapter is largely based on an 
overview given by Ingason [3]. The overview includes some additional information 
obtained since the overview was first published in 2007. The analysis of the large-
scale experiment focus on presenting the following parameters:

• Measured maximum or peak heat release rates (HRR)
• Fuel mass loss rate
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• Measured peak gas temperatures
• Flame lengths

In the second part, an overview of some model scale tests is given. It contains short 
description of the tests, and includes the main conclusions drawn. The main refer-
ences are also included, both for the large-scale and model scale tests.

3.2  Overview of Large-Scale Tunnel Experiments

The variety of the large-scale tests is in the fire source, both type and HRR, instru-
mentation, technical documentation, tunnel geometry and ventilation conditions. A 
summation of all scientifically orientated large-scale tunnel fire tests that have been 
carried out worldwide since the beginning of 1960s until 2014, is given in Table 3.1. 
This summary excludes all commercial or legal orientated (reconstruction) large-
scale testing and large-scale tunnel tests with fire suppression systems. The tests 
with fire suppression systems will be described in Chap. 16. These systems today, 
are termed as Fixed Fire Fighting Systems (FFFS). The data on HRR, temperatures, 
and flame lengths are given wherever possible.

The number of scientifically aimed large-scale fire test programs have been car-
ried out to date is slightly more than a dozen. Most of the tests program included 
less than 30 tests, except for the Memorial test series which included 98 tests. The 
focus has mainly been on the heat and smoke spread and how different ventilation 
systems influence the parameters listed earlier. Nearly half of the test series includ-
ed FFFS tests (sprinkler), which, as mentioned earlier, will be presented in more 
details in Chap. 16, but in this chapter the focus is on the results from free burn tests.

The quality of large-scale tests carried out in the 1960s–1980s varied consider-
ably. The key fire hazard parameter, the HRR, has not been quantified in these 
tests. The boundary conditions such as wind at portals, air temperatures, lining sur-
face etc. were usually not the most favorable for validation of advanced computer 
models. They were performed to fill a wide gap of nonexiting knowledge about 
influence of the ventilation systems on tunnel fires rather than to fulfill the need for 
advanced theoretical studies or validation of Computation Fluid Dynamic (CFD) 
fire models.

The first series of large-scale tunnel fire test were performed in the 1960s and the 
1970s in Europe. They were mainly directed to solve the fire problems of road tun-
nels in Europe. Grant et al. [4] considered these tests as ‘tantalizing snapshots’ pri-
marily due to the inadequate HRR data. The documentation on fuel mass loss rates, 
combustion efficiency, ventilation flow rates and wind, and pressure conditions was 
not sufficient to fully validate the functional relationships derived theoretically or 
in laboratory scale tests at that time.

Among these well-known large-scale tunnel fire test series in the 1960s and the 
1970s in Europe are the Ofenegg (1965, 24 m2, 190 m)1 [5] series, the Glasgow 

1 (test year, cross section, tunnel length).
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series (1970, 40 m2, 620 m) [6] and the Zwenberg series (1974–1975, 20 m2, 370 m) 
[7, 6, 8]. Both the Ofenegg [9] and the Zwenberg [8] test series have been reported 
with commendable detail on the test data and the test setup. A less known large-scale 
test series was carried out in Japan in the late 1970s and beginning of the 1980s [10] 
(P.W.R.I- Public Works Research Institute). The documentation in English is some-
what limited. The tests were carried out in a large-scale test tunnel (1980, 57.3 m2, 
700 m) built by P.W.R.I and in a full-size road tunnel; Kakei Tunnel (1980, 58 m2, 
3277 m). This was the first time cars and buses were used in large-scale test series 
in tunnels. As was the case in other tests in Europe at that time, no HRR measure-
ments were carried out. Some weight loss estimations were, however, carried out.

The tests carried out in the 1960s and the 1970s did, and still have, a major influ-
ence on the standards and guidelines used for fire safety in tunnels.

The use of the Oxygen (O2) Consumption Calorimetry [11, 12] made it possible 
to more easily and accurately measure the HRR in tunnel fires. By measuring the 
oxygen concentration in the fire smoke it was possible to determine the HRR. This 
was the start to a new era in large-scale tunnel fire testing in the 1980s and 1990s. 
There were other gas-based methods introduced as well. For example Tewarson 
[13] introduced another gas analysis technique, the Carbon Dioxide (CO2) genera-
tion for measurement of HRR. This method was not as widely used in fire laborato-
ries as the Oxygen Consumption Calorimetry but both these techniques found their 
way into the tunnel fire testing.

A German (Technische Universität Braunschweig (TUB)) and Finnish (VTT) 
cooperation [14, 15] (1985, 24–31 m2, 140 m) lead to the performance of two large-
scale tests in a tunnel using wood cribs as fuel to simulate fire in a subway car 
(80 GJ), and in two passenger cars (11.7 GJ) colliding in a tunnel. The original idea 
was to utilize the oxygen consumption technique, but due to large uncertainties in 
the oxygen and flow measurements it was never completed [16]. The cooperation 
between TUB–VTT developed and widened later into the EUREKA project EU499 
(FIRETUN) (1990–1992, 25–35 m2, 2300 m) [15] in the early 1990s. The oxygen 
consumption calorimetry was used for the first time in the EUREKA EU499 project 
and made it possible to measure the HRR from large vehicles with a relatively good 
accuracy, although not nearly as good as in fire laboratories.

The EUREKA EU499 tests were performed in the beginning of 1990s. They 
became a milestone concerning new valuable information for tunnel engineers. This 
was especially valid for the great variety in the HRR data for vehicle types such as 
cars, train coaches, subway coaches, and articulated lorry with furnitures [17–19]. 
The tests have resulted in significant improvements of information regarding HRR 
levels for single vehicles in tunnels. The EUREKA EU499 tests contain the most 
comprehensive fire testing of rail- and metro vehicles ever performed. In the EU-
REKA EU499 tests, there was very little consideration given to the risk of fire 
spread between vehicles, mainly because prior to and at the time of the performance 
of the tests, there had not been that many serious large fire accidents involving mul-
tiple vehicles as turned out to be the case in the late 1990s and in the beginning of 
2000. The great majority of road tunnel fires consist of fires in one or two vehicles 
whereas large catastrophic fires can involve multiple vehicles.
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Another milestone in large-scale tunnel fire testing was obtained in the Memo-
rial tunnel test series (1993–1995, 36–60 m2, 853 m) [20] carried out between 1993 
and 1995. The fire source consisted of low sulfur No 2 fuel oil pans (diesel) and 
not real vehicles. The aim was to use a well-defined fire source in order to compare 
the performance of the different ventilation systems. In order to investigate the in-
fluence of vehicles on the ventilation flow, silhouettes representing vehicles were 
placed at different locations. A comprehensive instrumentation was located in both 
the upstream and downstream directions of the fire. There is no doubt that, the Me-
morial tests demonstrated very well the performance and control of different types 
of ventilation systems. The tests also provide a very important source for validation 
of Computational Fluid Dynamics (CFD) models. The memorial test data is the 
best-documented fire test results ever made available (CD-ROM).

The test results were used as a basis for the design of the ventilation system 
in the Boston Central Artery Tunnel (BCAT) project and they have already had a 
great impact on the design of smoke control systems worldwide. The usefulness 
of longitudinal- and exhaust-ventilation was clearly shown as well as the positive 
performance of foam sprinkler systems. A confirmation of the correlation between 
HRR and ‘critical velocity’ was established for the first time in a large-scale test, 
especially the HRR independence of longitudinal velocity over 3 m/s. To date, these 
fire experiments are the most comprehensive and most expensive large-scale tests 
ever performed. There is no doubt that the EUREKA tests and the Memorial tests 
are the most well-known and well reputed large-scale fire test series to date. They 
have already been established as the ‘large-scale fire tests’ and provide a new base 
for standards and knowledge in tunnel fire safety.

Since the beginning of the 21st century there have been to date some mediocre 
fire test series performed in large-scale tunnels. Large-scale tests were performed 
in the No. 3 Shimizu Tunnel (2001, 115 m2, 1120 m) on the New Tomei Express-
way, using gasoline pan fires, cars and a bus [21]. These tests included natural and 
longitudinal ventilation as well as water sprinklers. The main focus was on heat and 
smoke spread in a large-cross section tunnel (three lanes). In the Second Benelux 
tunnel in the Netherlands (2002, 50 m2, 872 m, large-scale tests with cars and Heavy 
Goods Vehicles (HGVs) mock-ups using wood pallets were performed in 2002 [22]. 
Tests with natural- and longitudinal-ventilation and water sprinkler systems were 
also performed here. These tests provide very important results on the effects of 
longitudinal ventilation on HRRs in HGVs and on car fires. A large-scale test series 
was carried out in the Runehamar tunnel (2003, 47 m2, 1600 m) [23, 24]. Four tests 
using a mock-up of HGV fire loads were carried out. These tests provide an impor-
tant information on fire development in different types of ordinary hazard goods and 
show that this type of goods can create fires which are similar in size as a gasoline 
tanker fire. The initial fire growth rate is although not as fast or comparable to that 
of a petrol tanker fire. The tests showed clearly that, the maximum gas temperature 
levels from ordinary hazardous goods could easily be similar to those from of a tank 
fire. The results from the Runehamar tests have already had implications on design 
fires in road tunnels and the furnace testing of tunnel elements. Two large-scale tests 
series have been performed involving rolling stocks, that is, in the Brunsberg tunnel 
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and Carleton laboratory. They show that the peak HRR is much higher than what 
has been used in design. The maximum in those tests ranged from 32 to 77 MWs.

There are numerous tests found in the literature that has been carried out in 
‘intermediate-sized’ tunnels. The cross sections vary between 5 and 13 m2, which 
can be compared to the cross sections of the large-scale tests series presented which 
varied between 25 and 115 m2. Apte et al. [25] presented a detailed study of pool 
fires in a tunnel (1991, 13 m2, 130 m) using longitudinal ventilation in a typical 
mine roadway. These experiments were used for validating a computational fluid 
dynamics (CFD) approach to modelling tunnel fires. They also show the effects of 
longitudinal ventilation on burning rate of pool fires. An extensive series of experi-
ment were carried at the Safety Executive Laboratory (HSE) in Buxton, England 
(1992–1993, 5.4 m2, 366 m) [26]. Both obstructed- and open-tunnel situations were 
considered in the HSE tests. The former included one-third scale models of a part of 
a HGV shuttle train from the Channel Tunnel and the latter used kerosene pools. In 
the second phase of the test program, even wood cribs were used. The HRRs were 
measured using the oxygen consumption calorimetry technique and mass loss rates 
combined with a value of combustion efficiency. The objective was to provide data 
for CFD simulation of interaction of longitudinal flow and a back-layering smoke 
flow. The results suggested that the value of the critical velocity tended to some 
near constant value with increasing HRR, and thus did not conform to the simple 
theory developed by Thomas [27]. This discovery was very important for the design 
of longitudinal ventilation systems, especially when this finding was verified in 
the Memorial tunnel test series. Ingason et al. (1995, 9 m2, 100 m) [28] presented 
results from tests carried out in an intermediate sized tunnel tests. These tests were 
carried out using wood cribs, pool fires, and a passenger car. The aim of these tests 
was to establish a correlation between optical smoke density and gas concentra-
tions [29] for use in CFD simulations. The CFD codes at that time were not able 
to predict with any good accuracy the optical smoke density but they could predict 
the concentrations of gas species. The experiments showed a good correspondence 
between the measured optical density (visibility) and the measured gas concentra-
tions at different locations in the tunnel and accordingly that this was an accessible 
way to predict the smoke optical density or visibility.

There are many other tests performed in large-scale tunnels, the main purpose 
has either been commercial testing or testing of the ventilation systems of a specific 
tunnel before it is put into operation. The fire source can either consist of pan fires, 
wood crib fires or car fires. Examples of such tests can be found in [30, 31] and in 
the Handbook of Tunnel Safety [32].

Within the framework of the legal enquiry initiated after the catastrophic fire in 
the Mont Blanc tunnel in 1999, a series of large-scale tests were conducted in the 
same tunnel (2000, 50 m2, 11,600) [33]. The objective was to investigate the conse-
quence of the fire during the first half hour. The tests were carried out in two phases. 
Three tests with diesel pool fires of 8 MW, modifying the smoke control conditions 
for each test, were carried out in the first phase and in the second phase a test with 
a real HGV truck and a trailer similar to that which generated the fire 1999 but 
with a much smaller amount of transported goods. The longitudinal flow at the fire 
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location was about 1.5 m/s. In order to limit the peak HRR tyres had been removed 
and fuel tank was emptied. Only 400 kg of margarine were stored in the trailer. The 
total calorific value of the truck and the trailer with its goods was estimated to be 
76 GJ. This value can be compared to the real value, which was estimated to be 
500–600 GJ. The HGV was ignited by setting on fire successively three small pools 
filled with a diesel oil and alcohol mixture, respectively place in the HGV driver’s 
cab, behind the cab and between the cab, and the trailer. During the first 40 min, the 
HRR of the HGV fire remained lower than that of the pool fire, about 6 MW. Then 
the HRR reached a level of 23 MW, which can be related to the extensive burning 
of the HGV trailer.

3.3  Large-Scale Tunnel Fire Tests

In the following more detailed information is given for each of the tests listed in 
Table 3.1. Most of the tests are without interaction of FFFS (deluge water spray 
systems or deluge sprinkler system). For these test, wherever possible, information 
of maximum HRRs ( Qmax

), fuel mass loss rate (  ′′mf ), ambient ( T0) and maximum 
ceiling temperatures ( Tmax), and maximum horizontal flame lengths (Lf) along the 
ceiling is given. The maximum horizontal flame lengths along the ceiling is based 
on the ceiling temperature measurements, assumed flame tip at 600 °C as proposed 
by Rew and Deaves [34]. In case of interaction with FFFS short information is 
given in this chapter, but more detailed information is given in Chap. 16.

3.3.1  Ofenegg 1965

The first large-scale tunnel fire test series to obtain scientific and engineering infor-
mation was carried out in the Ofenegg tunnel in Switzerland, in1965 [5]. These tests 
were carried out in order to study the ventilation capacities (natural, longitudinal2, 
semitransverse3) in the case of a fire, especially in case of a gasoline tank fire. The 
tests were expected to give information on the hazardous level for tunnel users, pos-
sibilities to rescue people and the impact on tunnel construction and installations. 
Also the influence of a FFFS (deluge sprinkler nozzles) was investigated. This type 
of information was urgently needed in Switzerland due to the large road tunnel 
projects carried out in the 1960s. The tunnel used for these experiments was a single 
track railway tunnel (23 m2, 3.8 m wide and 6 m high), with wall located 190 m 
from the one portal and the ceiling was 6 m high with a rounded top. By closing the 

2 Longitudinal ventilation consists of fans blowing in outside air through the rear end duct system 
with an air quantity of 39 m3/s, that is, a longitudinal velocity of 1.7 m/s.
3 Semitransverse system have air inlets at low levels but either no extraction or extraction at only 
a few points, so that the air and vehicle exhaust gases flow along the tunnel, at a velocity which 
increases along the tunnel length. The fresh air supply equal to 0.25 m3/s, m.
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cross section the test tunnel became a dead end tunnel of 190 m in length. A total 
of 11 tests were performed using gasoline pool fires on a concrete trough with the 
edge placed 131.5 m from the open entrance. The other end (190 m) was bricked up. 
The sizes of the pools used were 6.6, 47.5 and 95 m2, respectively, with the smallest 
representing the contents of the fuel tanks of two cars and the largest a substantial 
spill from a gasoline tanker. The width of the trough (fuel pan) was 3.8 m and the 
length of the trough varied; 1.7, 12.5 and 25 m, respectively.

The experiments showed that large quantities of smoke were generated in all the 
tests. The smoke front travelled along the tunnel at speeds of up to 11 m/s and the 
visibility deteriorated in most cases 10–20 s after the start of the fires. Generally, 
the greater the fuel quantity, the worse the conditions [35]. It was found that the 
heat evolution was a decisive factor for the possible escape of people. With a semi-
transverse ventilation system supplying up to 15 m3/s the burning rate was virtually 
unchanged compared to no ventilation. With a longitudinal ventilation system giv-
ing an air velocity along the tunnel of about 1.7 m/s, averaged over the cross-section 
of the tunnel, the burning rate of a 47.5 m2 fire was about twice that for the 47.5 m2 
fire with no ventilation.

An estimation of the HRR was made by Ingason [3] and the results are presented 
in Table 3.2. The estimation, which is based on the measured fuel flow rates for 
each test [5] and an assumed combustion efficiency of 0.8 in the tunnel and a heat 
of combustion of 43.7 MJ/kg, show that the average HRR was 2.1 MW/m2 for the 
6.6 m2 fuel, 0.95 MW/m2 for the 47.5 m2 fuel, and 0.35 MW/m2 for the largest one 
(95 m2). In the open the HRRs is in the order of 2.4 MW/m2 (0.055 kg/(m2 s) and 
∆Hc

 = 43.7 MJ/kg [36]). It is clear that the burning rate per square meter in these 
tests is highly influenced by the ventilation rate and the test setup. The poor acces-
sibility of the oxygen to the fuel bed as the troughs (pans) used was nearly as wide 
(3.8 m) as the tunnel (4.2 m) is one of the reasons. In a wider tunnel the results may 
have been quite different. In the case where the longitudinal ventilation was used 
the burning rate increased dramatically, especially for the large fire (test no 7a, 
47.5 m2), since the oxygen was more effectively mixed with the fuel. Compared 
to gasoline fire in the open, the burning rate became slightly less per square meter 
when the fire was small (6.6 m2). The maximum ceiling temperature obtained was 
1325 °C and the average HRR was estimated to be 70 MW. With a natural-venti-
lation or semitransverse-ventilation the temperatures were slightly lower or about 
1200 °C and the average HRR was between 33 and 39 MW. In general, we see 
that the maximum ceiling temperature varies between 450  and 1325 °C for average 
HRRs between 12 and 70 MW. Clearly, the temperatures are not only dependent on 
the level of the HRR but also by the ventilation conditions.

In Table 3.2, an estimation of the flame length, Lf, from the centre of the trough 
is given as well. The flame length is given both towards the portal where most of 
the air flow was directed and towards the end of the tunnel. It is calculated from the 
centre of the pool fire and it is based on linear interpolation of the peak gas tempera-
tures measured in the 0.5 m below the ceiling and represent the 600 °C temperature 
front [34]. Here the size of the pool in combination with the ventilation conditions 
plays an important role whether the temperatures become high or low.
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In the tests with the 6.6 and 47.5 m2 pool fires the temperature in the ceiling 
increased rapidly, and reached a maximum after about 2 min from the ignition. 
Shortly after reaching the maximum, the temperature dropped rapidly down and 
after about 10 min from ignition the temperature was in all cases without FFFS less 
than 200 °C. In the case with the largest pool fire (95 m2) and no FFFS, the tempera-
ture was relatively constant at its high temperatures for about 8–10 min. The oxygen 
measurements indicated that all the oxygen was consumed. This indicates that the 
95 m2 pool fire was ventilation-controlled. That the fire was ventilation controlled 
could explain the large difference in HRR data per square meter and temperature 
data compared to the smaller pool fires.

These tests were very valuable for design of the tunnel ventilation systems at that 
time. Much effort was put into analyzing data in order to relate it to the conditions of 
evacuation. These tests had also, a major impact on the view of using FFFS in Eu-
rope. It was not found feasible to use FFFS in tunnels due to some adverse effects of 
the system. The FFFS were able to extinguish the fire, but the visibility was reduced 
in the vicinity of the fire and after the fire was extinguished in the gasoline, fuel va-
pour continued to evaporate. In the last test the critical concentration (20 min), that 
is fuel concentration in the vapor phase within the flammable limits was obtained 
and due to hot particles in the fire zone the vapor cloud ignited. The deflagration 
created resulted in a velocity of 30 m/s.

3.3.2  Glasgow 1970

The Building Research Establishment (BRE) (former Fire Research Station (FRS)) 
in the UK carried out in collaboration with the Glasgow fire brigade five experi-
mental fires in a disused railway tunnel in Glasgow [35]. The purpose of the tests 
was originally not tunnel related. The tests were actually carried out to investigate 
smoke spread in an enclosed shopping mall. A disused railway tunnel was used 
because it was a reasonable approximation to certain features of such a building 
[35]. The disused railway tunnel was 620 m long, 7.6 m wide and 5.2 m high. Fires 
of one, two or four trays of kerosene were burnt. The trays were square with side 
length of 1.2 m, or area of 1.44 m2 with a fuel load of 45-L kerosene. The estimated 
HRR in each tray was 2 MW [35], or 1.39 MW/m2.

The experimental instrumentation was scattered inside the tunnel. The smoke 
layer height and the time of arrival of the smoke front were measured at 20 different 
locations with human observers using breathing apparatus. According to Heselden 
[35] there were some temperature and smoke obscuration measurements done, but 
no details are given. Observations from the tests show that smoke layer was actu-
ally quite flat (horizontal) during the tests. Heselden [35] describes thoroughly the 
smoke conditions within the tunnel after ignition;

“In all the tests the bulk of the smoke formed a coherent layer, which was ini-
tially 1–2 m thick depending on the size of the fire, and which gradually deepened 
as the test progressed, reaching 3–4 m deep for the largest fire 10 min after ignition. 
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The velocity of advance of the layer was in the region of 1–1.5 m/s, discounting the 
initial 1/2 minute when the burning rate was building up to an equilibrium value. In 
two tests the smoke nose was followed to the end of the tunnel, a distance of 414 m 
from the fire. The smoke layer was then quite well defined even though it would 
have been only some 5°C above the air beneath. It was found that, a layer or plug of 
smoke reaching to ground level often formed at the tunnel entrance probably due to 
the mixing and cooling produced by a cross wind; this plug tended to be drawn back 
into the tunnel with air current induced by the fire. The air below the main smoke 
layer was not perfectly clear. Although the bulk of the smoke formed a layer, some 
optically thinner smoke tended to build up in the clear layer below even before the 
ceiling smoke layer had reached the end of the tunnel. This may have been due to 
some mixing of smoke downwards at the smoke nose, which was more turbulent 
than the layer following it, or to mixing at obstructions (which were very few), or 
to wisps of smoke cooled by contact with the wall, clinging to the wall, and moving 
downwards where they were swept up by and mixed into the main air flow to the 
fire.”

The Glasgow tests have not been widely referred to in the tunnel literature, most 
likely due to the scattered data obtained from these tests and the fact that the tests 
were not originally performed to improve tunnel fire safety. More detailed informa-
tion about these tests can be found in reference [37].

3.3.3  The West Meon Tests in Early 1970s

The FRS was also involved in other large-scale tunnel testing in collaboration with 
local fire brigades. Heselden [35] reports briefly on the tests carried out in Hamp-
shire in UK in early 1970s without giving any further references. These tests were 
carried out in connection with proposals for the channel tunnel, which opened for 
traffic in 1994. The FRS in collaboration with the Hampshire Fire Brigade and Brit-
ish Railways carried out an experimental fire in a disused railway tunnel near West 
Meon, Hampshire. The tunnel was 480 m long, 8 m wide and 6 m high and the cars 
to be burnt were placed 45 m from one of the tunnel portals. During the burning of 
one car a smoke layer up to 3 m thick formed under the roof but observers were able 
to remain near the fire without any ill effects except headaches afterwards. The flow 
of the smoky hot gas was controlled by the wind of about 2 m/s that was blowing 
through the tunnel.

3.3.4  Zwenberg 1975

A decade after the Ofenegg tunnel tests, a new test series was carried out in the 
Zwenberg tunnel in Austria 1975 [7]. The reason for these tests was similar as for the 
Ofenegg tests. Large road tunnel projects were planned in the early 1970s in Austria. 
The aim was to investigate the effects of different types of ventilation (longitudinal, 
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semitransverse and transverse ventilation4 on the distribution of smoke (visibility), 
heat and toxic gases, and the effects of heat on the ceiling construction and the 
exhaust fans. The Ofenegg tests concentrated on studying the conditions during 
fire with more or less unchanged ventilation pattern, whereas the main objective of 
the Zwenberg tests was to investigate how changing the ventilation pattern could 
influence conditions inside the tunnel. For the operation of tunnel ventilation the 
following two major questions had to be answered [6]:

1. What quantities of fresh air shall be supplied in order to provide the best condi-
tions in case of tunnel fire?

2. What influence has forced longitudinal ventilation on the conditions inside the 
tunnel?

Beyond that, the scope of the research project was to study the effects of a tunnel 
fire on evacuees. In order to do that, the gas temperatures, content of toxic gases and 
oxygen in the tunnel, the visibility in the smoke, and the fire duration was measured. 
The aim was also to find ways to improve the situation in the tunnel by using differ-
ent types of tunnel ventilation. The focus was also on the effects of the fire on the 
tunnel structure and technical equipment within the tunnel.

The tests were carried out in an abandoned railway tunnel owned by the Austrian 
Railways. The tunnel was 390 m long with a cross section of 20 m2 (traffic space) 
and a ventilation duct of 4 m2. The tunnel gradient was 2.5 % from the south to the 
north portal. The tunnel height up to the ventilation duct was 3.8 m and the tunnel 
width was 4.4 m. Fully transverse ventilation system was installed in the test tunnel, 
designed for a supply of 30 m3/s of fresh air and for the same quantity of exhaust 
air. An injection fan installed near the southern portal was designed to provide a 
longitudinal flow up to 7 m/s in the traffic space. Every 6 m alternately a fresh air 
opening and a polluted air opening were installed.

The fire source was located 108 m from the south portal. It consisted of 12 in-
dividual concrete trays in two rows with a total volume of 900 L liquid (gasoline, 
diesel) corresponding to a surface area of 20 m2 where the internal measures of 
each tray was 1 m wide and 1.7 m long. Only four trays (beside each other) were 
used in the standards test (6.8 m2) and six in the large tests (13.6 m2). A total of 46 
measuring points for temperature were mounted, 11 for air and gas velocities, 19 
for gas sampling (O2, CO2, CO, CH and NOx) and seven for visibility observations. 
Total of 30 tests, see Table 3.3, were performed using gasoline pools of 3.4, 6.8, and 
13.6 m2, respectively. The majority of the tests, 23 ‘standard fire’ tests, were run us-
ing four trays with a fuel area of 6.8 m2 and 200 L of fuel. This fire size was found 
to be sufficient to obtain useful data and avoid damages on the installation. In the 
tests with the ‘standard fire’ following parameters were varied:

1. Location of the fresh air supply (from below or above)
2. Quantity of polluted air to be exhausted

4 Transverse ventilation system has both extraction and supply of air. Fully transverse ventilation 
have equal amount of exhaust and supply air.
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3. Quantity of air supply
4. Forced longitudinal ventilation in traffic space
5. Conditions in the traffic space (open or obstructed)

The selected combination of different test parameters can be obtained from the sec-
ond column in Table 3.3.

As an example the identification code of test 210, that is, U—1–1/3–2– A is 
given according to the following system:

U Location of fresh air supply
U = from below
O  = from above
X = no supply

1 Quantity of exhausted air
1= nominal quantity 30 m3/s
1/3 = 10 m3/s

1/3 Supplied quantity of fresh air
1 = nominal quantity 30 m3/s
1/3 = one third of 30 = 10 m3/s

2 Longitudinal flow in the traffic space (2 m/s)
A Condition in the traffic space

F free cross section
A test models in the traffic space

The ventilation arrangement, the pool size, the length of the tunnel, and that no 
FFFS were used, are the main parameters that differ these tests from the Ofenegg 
tests. The average burning rate per square meter varied between 0.032 kg/(m2 s) and 
0.064 kg/(m2 s) with an average value of 0.043 kg/(m2 s), whereas in the Ofenegg 
tests it varied between 0.009 kg/(m2 s) and 0.074 kg/(m2 s). In the open a corre-
sponding value for large pool fires is 0.055 kg/(m2 s) [36], see Chap. 4. The burning 
rates in the Zwenberg and the Ofenegg tests are not based on any weighted results, 
it was calculated as the total fuel consumption divided by an estimated burning 
time. This will lead to conservative values since the burning rate varies with time, 
especially in the beginning of the test and during the period when the fire starts to 
decrease. In between these periods it should be relatively constant. As shown earlier 
the variation in the burning rates per square meter in these tests is much less than in 
the Ofenegg tests. The main reason is probably that the fire size was not nearly as 
large as in the Ofenegg tests and also that the tunnel was open in both ends and the 
total width of the pool (two trays beside each other ~ 2.5 m) was much less than the 
width of the tunnel (4.4 m).

Feizlmayr reports [3] that two classes of danger areas were used when analysing 
the results of the Zwenberg tests; class 1 areas with fatal effects and class 2 areas of 
potential danger. This type of classification was used in the Ofenegg tests as well. 
The criteria for class 2 used were the following; 80 °C temperature, 4.3 % CO2 and 
1000 ppm (0.1 %) of CO at heat level. The results of the Zwenberg tests showed that 
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the extension of the danger area and smoke area (visibility) could be influenced to 
a great extent by the system of ventilation. The fully transverse ventilation (FTV), 
when properly designed air flow supply (throttle), was found to offer the best con-
ditions for getting the fire situation under control. With semitransverse ventilation 
(STV) with only fresh air supply the system gave only modest improvements of the 
conditions within the tunnel. It was recommended to throttle the fresh air supply in 
order to improve the conditions. New STV installations should be designed so that 
in case of fire a quick change over from fresh air supply to air extraction could be 
achieved. In tunnels with bi-directional traffic, it was found that the FTV or STV (if 
properly designed) would be more effective in case of fire than the longitudinal ven-
tilation system due to possibility of smoke extraction. Based on the Zwenberg tests, 
it was strongly recommended that longitudinal ventilation should be shut down in 
case of fire with exception that meteorological conditions require other measure to 
prevent the longitudinal flow. In tunnels with uni-directional traffic it was found 
that longitudinal ventilation system could protect the people on the upstream side of 
the fire, assuming that the vehicles were not trapped on the downstream side of the 
fire. The recommendations given after the Zwenberg tests have been a guide for the 
design of ventilation systems world-wide.

3.3.5  P.W.R.I 1980

The Public Works Research Institute (P.W.R.I.) in Japan performed two series of 
large-scale tests [10]. The first test series were carried out in P.W.R.I’s own full-
scale test tunnel facility and the second test series was carried out on the Chugoku 
Highway in the Kakeitou Tunnel. The full-scale tunnel at P.W.R.I. site has a total 
length of 700 m, a cross sectional area of 57.3 m2 ( H = 6.8 m) and is equipped with 
ventilation system and FFFS. The Kakeitou tunnel has a total length of 3277 m, 
a cross sectional area of 58 m2 ( H = 6.7 m), and is equipped with ventilating and 
FFFS. The majority of the experiments were conducted in the full-scale tunnel at 
P.W.R.I. but also in the Kakeitou tunnel. The main purpose of using the long tunnel 
was to determine the environment for people evacuating from tunnels.

The fire source consisted of gasoline pool (gasoline) fires, passenger cars, and 
large-sized buses. Gasoline pool fires of 4 and 6 m2 were used to generate a HRR 
equal to the fire for large-sized vehicle, large-sized buses, and passenger cars. The 
pool fires were applied in order to accomplish steady and repeatable fires, which 
may not be the case in tests using real motor vehicles. Several real motor vehicles 
were, although used for confirmation of the results. Four to six sets of gasoline fire 
pools (trays) were arranged for fires, each having four 0.25 m2 (a total of 1 m2 fuel 
surface area) fire trays in one set. Further, 18 L of gasoline was uniformly placed 
in each fire tray in order to maintain almost the same burning rate for about 10 min 
after ignition. In the tests with passenger cars, doors of the driver’s seat were left 
half-opened, while other doors and windows were closed. Approximately, 10–20 L 
of gasoline were put in the fuel tank of the passenger cars. For large-sized buses, 
the entrance door, exit doors, and the window next to the driver’s seat were fully 
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opened, and 50 L of light oil was put in the fuel tank. With respect to passenger cars 
and buses, pieces of cloth soaked in advance in a small amount of gasoline were 
placed on the rear seats and ignited. A comprehensive instrumentation was used in 
these test series. The gas temperatures (84 points in the Kakei tunnel), concentra-
tions of smoke (78 points in the Kakei tunnel), gas velocities (5 points), concentra-
tions of O2, CO gases (1 and 3 points, respectively), radiation (1 point), and burning 
velocity (mass loss rate) were measured.

No HRR measurements were carried out in these tests. The fuel mass loss rate 
of the pool fires was measured as a reduction in the level of fuel. It is reported that 
at 1 m/s longitudinal velocity the mass fuel rate was 0.63 cm/min (0.078 kg/(m2 s) 
assuming 740 kg/m3 for gasoline) and 1.24 cm/min (0.153 kg/(m2 s)) at 4 m/s. The 
authors refer to outside door test yielding 0.42 cm/min (0.052 kg/(m2 s)). These 
burning rates can be compared to values given in Table 3.2 (Ofenegg) and Table 3.3 
(Zwenberg). At low velocities the values are in the same order, whereas at high 
wind velocity it is about factor of two higher. On passenger cars the burning rate 
was reported to be 7.4 kg/min (0.15 kg/s) at 1 m/s and 10 kg/min (0.17 kg/s) at 
4 m/s. Assuming an average heat of combustion of 30 MJ/kg this would correspond 
to 4.4 and 5 MW, respectively. The burning rate of the seats in the buses was re-
ported to be 6.9 to 8.1 kg/min (0.11 kg/s and 0.14 kg/s).

The ventilation system was able to create a longitudinal flow up to 5 m/s. The 
FFFS facilities were set so that comparisons could be made between the presence and 
absence of FFFS under the same fire sources and the same longitudinal flow. Dura-
tion of FFFS was set at about 20 min. The area of FFFS was that area directly above 
the fire source. In some tests the FFFS was used downstream from the fire source 
in order to check the water cooling effect on hot air currents. The amount of water 
discharge was set at about 6  L/(min m2) on road surface. In order to review the pos-
sibility of fire spread to following vehicles congested during the fire, an experimental 
case was carried out using cars which were arranged longitudinally and transversely.

The influence of the temperature due to the fire was found to be only limited to 
the nearby areas of the fire. In Table 3.4 a summary of all peak HRRs and ceiling 
temperatures is given. The data show clearly the effects of the longitudinal flow 
on the peak temperature in the ceiling. Higher velocity tends to lower the ceiling 
temperature due to dispersion of the hot air. It was not possible to extract any infor-
mation about the flame lengths from the information available. An estimation of the 
free flame height for the pool fires used in this test series indicates that the flames 
were not impinging on the ceiling. The ceiling temperatures given in Table 3.4 con-
firm these calculations.

It is pointed out in the report [10] that it is extremely important to determine the 
behaviour of smoke and to control smoke when considering the evacuation possi-
bilities during a tunnel fire. It was concluded that in the case of a 4 m2 gasoline fire 
or a large-sized bus fire, the conditions for evacuation could be maintained near the 
road surface for about 10 min and over a distance of 300–400 m, if the longitudinal 
velocity was lower than 2 m/s. However, if the wind velocity increased, the smoke 
spread over to the entire section was such that any type of evacuation would become 
difficult.
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It was also found that the wind velocity in order to prevent back-layering was 
2.5 m/s and that increasing the wind velocity would influence the fire so that the 
amount of heat and smoke would increase. It was found that the FFFS facilities of 
the present scale were not able to extinguish gasoline fire and roofed motor vehicles, 
but they were able to lower the nearby temperature and prevent fire spread to nearby 
motor vehicles. It was also shown that the FFFS may cause the smoke to descend 
and deteriorate the evacuation environment near the road surface, and therefore pre-
cautions should be taken concerning the method of operation sprinkling facilities.

Table 3.4  The test programme for the P.W.R.I. test series in Japan 1980 [3, 10]
Test 
no.

Test tunnel Fire source (m2, 
litre fuel)

u (m/s) FFFS dis-
charge time 
after ignition 
(min)

Qmax
 (MW)a Tmax (+ 5 m 

from centre) 
(no FFFS) (°C)

1 P.W.R.I. 
700 m

4 m2, 288 L 0.65 − 9.6 252

2 ″ 4, 288 5 − 9.6 41
3 ″ 4, 288 0.65 3 9.6 NAs
4 ″ 4, 288 5 3 9.6 NAs
5 ″ 6, 432 2 − 14.4 429
6 ″ 6, 432 2 0 14.4 NAs
7 ″ Passenger car 1 − NA 62
8 ″ Passenger car 3 − NA NA
9 ″ Passenger car 5 − NA NA
10 ″ Passenger car 1 2.4 NA NAs
11 ″ Passenger car 3 2.4 NA NAs
12 ″ Passenger car 5 2.4 NA NAs
13 ″ Large-sized bus 5 − NA 166
14 ″ Large-sized bus 0.65 1.4 NA NAs
15 ″ Large-sized bus 2 10.5 NA NAs
16 ″ Large-sized bus 5 1.37 NA NAs
17 Kakei 

3277 m
4, 288 0 − 9.6 511

18 “ 4, 288 2 − 9.6 199
19 “ 4, 288 5 − 9.6 69
20 “ 4, 288 0 3 9.6 NAs
21 “ 4, 288 2 3.16 9.6 NAs
22 “ 4, 288 5 3 9.6 NAs
23 “ Large-sized bus 0 − NA 186
24 “ Large-sized bus 0 2.5 NA −
NA not available, NAs not available temperature due to the FFFS.
a Based on estimation and not measurements. Due to the good ventilation condition we assume 
free burning conditions that is 2.4 MW/m2  for gasoline (0.055 kg/(m2  s) and 43.7 MJ/kg [36])
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3.3.6  TUB-VTT Tests 1986

As a part of German–Finnish cooperation on tunnel fires, the Technische Univer-
sität Braunschweig (TUB) in Germany and the Technical Research Centre of Fin-
land (VTT) performed two large-scale tunnel fire test in 1985 in Lappeenranta in 
South Eastern part of Finland. This cooperation developed and widened later into 
EUREKA project EU499.

Two pilot tests were carried out in a tunnel in a limestone quarry 45 m below 
ground. The tunnel was 140 cm long, 6 m wide and 5 m high (30 m2), and had natu-
ral calcite rock surfaces which were unprotected and without reinforcements. The 
first experiment was designed to simulate a fire in a subway car stalled in a tunnel. 
The second experiment simulated the case when one car in a queue of cars in a tun-
nel catches fire. Forced ventilation of fresh air at the rate of 7 m3/s was used. This 
generated a longitudinal flow of 0.2–0.4 m/s over the cross section prior to ignition. 
At the maximum HRR an inflow of 0.3 m/s were measured in the lower part of the 
cross section and outflow of about 6 m/s in the upper part of the cross section at 
same location that is 19 m inside the exit portal. The fire load was made of wood 
cribs (moisture 17 %) nailed together in a way that allowed an air space of 50 % of 
the total volume. Temperatures of air, rock surface of the walls and the ceiling and 
temperatures of the steel, and concrete columns placed on the floor were recorded 
on several locations. Also, concentrations of O2, CO2 and CO, and air flow veloci-
ties were measured close to the exit of the tunnel. Fuel burning rate was determined 
by measuring the mass loss of wood on a weighing platform. The original idea was 
to utilize the oxygen consumption technique, but due to large uncertainties in O2 
and flow measurements it was never completed [16]. Smoke level and visibility 
were observed visually close to the exit.

In the first test (F1–1) the fire load of 7600 kg was distributed over an area of 
3.2 × 48 m (spread as a layer on light concrete blocks 0.47 m above ground). After 
ignition at the upstream end of the fire load the wood cribs burned without flashover 
with a constant velocity of 0.66 mm/s for 21.5 h.

In the second test (F1–2) the fire load consisted of eight separated piles (cluster) 
of wood cribs, 1.6 × 1.6 m of area and 0.8 m of height each with a mass of 500 kg. 
The free space between the piles was 1.6 m and the lower end of the wood cribs 
was 0.5 m over the tunnel floor. Two adjacent piles were ignited simultaneously at 
the upstream end of the fire load. The fire growth rate was quite steep and reached 
a peak HRR of 8 MW after about 15 min into the test and then started to decay. 
The two wood piles burned out since it never spread to the adjacent wood piles. 
Therefore, a new ignition was done at the other end (downstream side) of the wood 
crib cluster. The fire growth rate was slower this time and reached a HRR of about 
3 MW after about 20 min. The HRR was relatively constant at 3 MW (except one 
short peak at 4 MW) for about 45 min. The main difference between the first igni-
tion and the second ignition is that the fire spreads downwind after the first ignition 
and upwind in the second ignition. The highest gas temperature in the ceiling after 
the first ignition was obtained after about 20 min into the test (F1–2); 679 °C and 
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in the second ignition it was 405 °C obtained after about 26 min from the second 
ignition.

The experience from the tests shows that a spalling of the rock was a major prob-
lem. During the both experiments (F1-1 and F1-2) 10–20 cm thick layers of rock 
scaled off the walls and the ceiling in regions close to the fire, causing problems 
for safety of people carrying out the experiments, and also destroying some of the 
gauges during fire. One of the main conclusions from these experiments was that 
the theoretical calculations based on existing room fire codes did not reliably pre-
dict occurrence of flashover.

3.3.7  EUREKA EU499 Tests 1990–1992

The EUREKA EU499 test program was performed in an abandoned tunnel named 
Repparfjord Tunnel in northern Norway. The tunnel was 2.3 km long with a gradi-
ent less than 1 %, running north south from the main portal to a vertical shaft of 
90 m height (cross section of the shaft was 9 m2). The cross section of the tunnel 
was horseshoe shaped to rectangular with a flattened roof. The tunnel is approxi-
mately 5.3–7.0 m wide with a maximum height in the centre between 4.8 and 5.5 m.

The test programme included 21 large-scale tests, which were carried out in 
1990, 1991, and 1992. The majority of the tests were performed in year 1992 as 
can be observed in Table 3.5. The main objectives of the EUREKA EU499 test 
program were to investigate the fire behavior of different type of fuels including 
real road and rail vehicles. Also to seek the possibilities of escape and rescue, and 
fire extinguish to see the damage of tunnel structure. The fire behavior of trains and 
HGVs revealed by these tests has had major effects on many design studies of large 
tunnel projects today.

The main results of the EUREKA EU499 project relates to the unique data of 
measured HRR for real vehicles where the oxygen consumption calorimetry was 
applied for the first time in large-scale tunnel tests. It also contained well-defined 
fire sources such as wood cribs and heptane pool fires, which are very valuable 
for scientific analysis. The wood crib tests showed a tendency of increased fire 
growth rate with increased ventilation rate, whereas it was not as apparent for the 
peak HRR. Results showed that generally the temperature of vehicles with body 
structure, which can melt away, for example, the aluminum subway coach and the 
school bus (GFRP), could reach ceiling temperatures from 800 to 1060 °C and HRR 
of 29–43 MW (tests 7, 11, and 14). For trains with steel body structure the HRR 
was less than 19 MW, fire duration longer and the ceiling temperatures tended to 
be lower than 800 °C (tests 4, 5, 12, and 13). For the passenger car, the highest tem-
perature was between 210 and 480 °C and the HRR was up to 6 MW (tests 3 and 
20). The same tendency about the influence of the body type on the results is found 
for the plastic car and the steel body passenger car. The estimated flame lengths are 
given in Table 3.5 as towards the portal and towards the vertical shaft. It is based on 
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600 °C flame tip obtained from maximum temperature graphs as a function of the 
distance from the centre of the fire given by Ekkehard [38].

The EUREKA EU499 tests show the importance of the glazed windows on the 
fire growth in the steel body trains. The fire growth rate is apparently governed by 
the sequence and timing of the window cracking. This can be shown by analyzing 
the temperature development inside the train compartments. The type of interior 
material (former or new design) appears not to be as eminent for the fire growth 
as expected. The type of body and the quality of the windows appears to be more 
important than the type of interior materials. For a heavy goods load (furniture’s), 
which is not contained by any steel or aluminum body, the corresponding data were 
about 1000 °C and a HRR of 120–128 MW. The propagation speed of smoke front 
was constant along the tunnel, implying that the behavior smoke propagation was 
similar to the movement of gravity currents.

3.3.8  Memorial Tunnel Tests 1993–1995

The Memorial Tunnel Fire Ventilation Test Program (MTFVTP) consisted of a se-
ries of large-scale fire tests carried out in an abandoned road tunnel. Various tunnel 
ventilation systems and configurations of such systems were operated to evaluate 
their respective smoke and temperature management capabilities. The Memorial 
Tunnel test program was performed in a two-lane, 853 m long and 8.8 m wide road 
tunnel built in 1953, taken out of traffic 1987 and was a part of the West Virginia 
Turnpike. The tunnel has a 3.2 % upgrade from south to north portal. The tunnel 
was originally designed with a transverse ventilation system, consisting of a supply 
fan chamber at the south portal and an exhaust fan chamber at the north portal. An 
overhead air duct, formed by a concrete ceiling 4.3 m above the roadway, was split 
into supply and exhaust section by a vertical concrete dividing wall. In some of the 
tests, the horizontal ceiling was removed in order to put in place 24 reversible jet 
fans in-group of three equally spaced, over the tunnel. The cross section changed 
from rectangular shape with cross sectional area of 36.2 m2 to more of a horseshoe 
shape with an height of 7.8 m and a cross sectional area of 60.4 m2. These fans had a 
56 kW motor and an outlet velocity of 34.2 m/s and a volume flow of 43 m3/s. They 
were designed to withstand air temperatures of about 300 °C.

The test programme consisted of 98 tests where the type of ventilation, fuel size 
and FFFS were changed. The ventilation systems was modified and run with the 
following system configurations:

• Full Transverse Ventilation (FTV)
• Partial Transverse Ventilation (PTV)
• PTV with Single Point Extraction
• PTV with Oversized Exhaust Ports
• Point Supply and Point Exhaust Operation
• Natural Ventilation
• Longitudinal Ventilation with Jet Fans
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The tunnel was equipped with instrumentation and recording equipment for data ac-
quisition. Sensors measuring air velocity, temperature, carbon monoxide (CO), car-
bon dioxide (CO2), and total hydrocarbon content (THC) were installed at 12 cross 
sections along the tunnel. In total there were approximately 1400 measuring points, 
each point was recorded once every second during the test (the test time ranged 
from about 20 to 45 min). Smoke generation and movement and the resulting effect 
on visibility was assessed using seven remote-controlled television cameras with 
associated recording equipment.

It is not possible to present all the tests data from the Memorial Tunnel tests 
due to the large amount of tests performed (in total 98 tests). An extract of data 
for T0, Tmax, and Lf is given in Table 3.6. The data is collected after the mechanical 
ventilation system has been started. For the full transverse ventilation, longitudinal 
ventilation, and the natural ventilation tests, test results with nominal HRRs of 10, 
20, 50, and 100 MW were given. For partial transverse ventilation systems only 50 

Table 3.6  Relevant data from the Memorial Tests program with different type of ventilation sys-
tem. In the case of the mechanical ventilation the peak temperature and flame lengths are obtained 
after the start of the ventilation [3]
Test Id. Type of 

ventilation
u 
(m/s)

T0 (°C) H (m) Nominal 
Qmax (MW)

Tmax 
(°C)

Lf toward 
north por-
tal (m)

Lf toward 
south 
portal (m)

101CR Full Tranverse 21 4,4 10 574 – –
103 Full Tranverse 19 4.4 20 1361 10 10
113A Full Transverse 20 4.4 50 1354 37 0
217A Partial Tran-

verse (PTV)
13 4.4 50 1350 45 6

238A PTV-Two Zone 23 4.4 50 1224 21 13
239 PTV-Two Zone 21 4.4 100 1298 54 15
312A PTV-Single 

Point Extraction
13 4.4 50 1301 42 7

318A Point Sup-
ply and Point 
Extraction

11 4.4 50 1125 22 20

401A PTV-Oversized 
Exhaust Ports

21 4.4 50 1082 21 12

605 Longitudinal 2.2 6 7.9 10 180 – –
607 Longitudinal 2.1 6 7.9 20 366 – –
624B Longitudinal 2.3 14 7.9 50 720 – 21
625B Longitudinal 2.2 15 7.9 100 1067 – 85
501 Natural 

ventilation
13 7.9 20 492 – –

502 Natural 
ventilation

10 7.9 50 923 27 –

minus (−) sign indicate that there were no horizontal flame lengths, Lf, registred by the 
thermocouples
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and 100 MW (if available) tests are presented. For comparison, data from tests with 
mechanical ventilation where the data is taken during the preburn time (the period 
prior to the start of the mechanical ventilation when there was a natural ventilation), 
is presented in Table 3.7.

Ventilation system effectiveness in managing smoke and temperature move-
ment was tested in advance for the calculated fire sizes (nominal): 10, 20, 50, and 
100 MW. The corresponding fuel surface area is 4.5 m2, 9 m2, 22.2 m2 and 44.4 m2, 
respectively, meaning an average HRR of 2.25 MW/m2. The fire source consisted 
of low-sulfur No 2 fuel oil (diesel fuel with lowered sulfur content) in different 
pools. In addition to varying the fire size, systematic variations were made in air-
flow quantity, longitudinal air velocity near the fire, and fan response time for each 
ventilation system. Tests were also conducted to assess the impact of longitudinal 
air velocities on the effectiveness of a foam suppression system. Various smoke 
management strategies and combinations of strategies were employed, including 
extraction, transport, control direction of movement, and dilution to achieve the 
goals of offsetting buoyancy and external atmospheric condition and to prevent 
backlayering (critical velocity).

The main findings from the Memorial tests are according to the test report [20]:

• The Memorial Tunnel fire ventilation tests have shown that, longitudinal airflow 
near a fire is equally important as extraction rate for temperature and smoke 
management. Therefore, specifying a ventilation rate for temperature and smoke 
management, solely on its extraction capabilities, is insufficient. Further, any 
criteria established for emergency ventilation should include the impact of tun-
nel physical characteristics and tunnel ventilation system.

• Longitudinal ventilation using jet fans was shown to be capable of managing 
smoke and heat resulting from heat releases up to 100 MW. The required lon-
gitudinal air velocity to prevent back-layering in the Memorial Tunnel was ap-
proximately 3 m/s for a 100 MW fire.

Table 3.7  Relevant data from the Memorial Test program. The table shows data from tests with 
mechanical ventilation where the data is taken prior to the start of the mechanical ventilation (that 
is, during the preburn time) [3]
Test Id. T0 (°C) H (m) Nominal Qmax

 
(MW)

Tmax (°C) Lf toward north 
portal (m)

Lf toward south 
portal (m)

101CR 21 4.4 10 281 – –
103 19 4.4 20 1053 8 7
217A 13 4.4 50 1169 8 9
239 21 4.4 100 1210 41 17
606A 6 7.9 10 152 – –
618A 11 7.9 20 378 – –
624B 10 7.9 50 829 10 7
615B 8 7.9 100 957 27 9
minus (−) sign indicate that there were no horizontal flame lengths, Lf, registred by the 
thermocouples
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• Jet fans positioned downstream of, and close to, the fire were subjected to tem-
peratures high enough to cause failure. Accordingly, this condition needs to be 
considered in the system design and selection of emergency operational modes.

• Full transverse ventilation systems can be installed in single-zone or multi-zone 
configurations and can be operated in a balanced or unbalanced mode. Single-
zone, balanced (equal flow rates for supply and exhaust air) full transverse sys-
tems indicated very limited smoke and temperature management capability. 
Multiple-zone full transverse systems have the inherent capability to manage 
smoke and temperature by creating longitudinal airflow.

• Partial transverse ventilation systems can be installed in single-zone or multi-
zone configurations and can be operated in supply or exhaust mode. Single-zone 
partial transverse systems capable of only supplying air (no possible reversal of 
fans to exhaust air) were relatively ineffective in smoke or temperature man-
agement. Single-zone partial transverse systems which can be operated in the 
exhaust mode provided a degree of smoke and temperature management.

• Longitudinal airflow is a significant factor in the management of smoke and heat 
generated in a fire. Ventilation systems which effectively combine extraction and 
longitudinal airflow can significantly limit the spread of smoke and heat.

• Single point extraction (SPE) is a ventilation system configuration capable of ex-
tracting large volumes of smoke from a specific location through large, controlled 
openings in a ceiling exhaust duct, thus preventing extensive migration of smoke.

• Oversized exhaust ports (OEP) are a modification to transverse type systems 
which provides smoke extraction capability in the immediate location of a fire. 
Significant improvement in temperature and smoke conditions were obtained 
using OEPs relative to the basic transverse ventilation system using conventional 
size exhaust ports. The OEP enhancement is also applicable to tunnels with bi-
directional traffic.

• Natural ventilation resulted in extensive spread of heat and smoke upgrade of the 
fire. However, the effects of natural buoyancy are dependent on the fire size and 
the physical characteristics of the tunnel.

• The restriction to visibility caused by smoke occurs more quickly than does a 
temperature high enough to be debilitating. Carbon monoxide (CO) levels near 
the roadway never exceeded the guidelines established for the Test Program.

• The effectiveness of the foam suppression system was not diminished by opera-
tion in strong longitudinal airflow.

• Adequate quantities of oxygen to support combustion were available from the 
tunnel air. The possible increase in fire intensity resulting from the initiation of 
ventilation did not outweigh the benefits.

3.3.9  Shimizu No. 3 2001

In year 2001, ten fire tests were conducted in the three-lane No. 3 Shimizu tunnel 
on the New Toumei expressway in Japan [39]. The tunnel was 1119 m long with a 
slope of 2 % down from west to east. The cross-sectional area was 115 m2 and the 
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width and the height was 16.5 m and 8.5 m, respectively. The cross section was 
shaped as a semicircle. The reason for performing these tests was to investigate the 
fire behavior in tunnels with large cross section regarding combustion rate, forma-
tion of smoke layer, interaction of longitudinal flow on the smoke distribution and 
behavior of FFFS on the smoke layer, and risk for fire spread. Comparison with the 
P.W.R.I tests (2-lane tunnel) was one of the main arguments for performing these 
tests. Numerous studies have been published from these tests focusing on different 
subjects concerning convective HRR and numerical simulations [40], smoke decent 
[41], plume fires in large tunnel cross section [42], and bus fire [43].

The fire source consisted of gasoline pools with an area of 1, 4, and 9 m2. In 
the 1 m2 pool fire, no forced ventilation was used. In the 4 m2 pool fire case, tests 
were carried out both with and without forced ventilation. The forced ventilation 
consisted of longitudinal ventilation of 2 and 5 m/s from west to east portal. In the 
9 m2 case, longitudinal ventilation of 2 m/s was used. When no forced ventilation 
was used the west portal was blocked. One test with three passenger cars and a 
longitudinal velocity of 5 m/s was carried out as well as a single large bus with a 
longitudinal flow of 2 m/s. Jet fans installed in the west portal created the longitudi-
nal flow in the tunnel. Measurements were made at a number of points throughout 
the tunnel. Temperature (91 points) was measured by type K thermocouples, optical 
smoke density (57 points) was measured by optical penetration type absorption den-
sity meters, heat radiation was measured by a radiation meter located on the floor 
30 m west of the fire, and longitudinal air velocity was measured by means of a 
vane anemometer (measurable range 0.3–15 m/s) located 100 m east of the fire [40].

In Table 3.8, a summary of the information obtained from references [39–43] is 
given. There was no information about the ambient temperature, T0, but only the 
temperature differences. There was no information on the discharge time of the 
FFFS available. There was not enough information available to obtain any horizon-
tal flame length. Most likely there were no horizontal flames along the ceiling in 
these tests, which can be shown by using free burning flame height equations, see 
example, [44].

The information obtained from these tests is by no means unique. One exception 
is the test with the large bus and the fact that these tests were performed in a tunnel 
with a very large cross section. Since the fires used were relatively small it is dif-
ficult to see any dramatic effects of the size of the cross section on temperatures or 
smoke distribution.

3.3.10  2nd Benelux Tests 2002

Fourteen large-scale tests were carried out in the Second Benelux Tunnel in the 
Netherlands in 2002. The tests were designed to assess the tenability conditions 
for escaping motorists in case tunnel fire and to assess the efficiency of detection 
system, ventilation system, and FFFS for numerous type of fire sources. These were 
pool fires, passenger cars, a van, and mock-ups with truckloads. Temperatures, ra-
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diation levels, and optical densities in the tunnel were measured, as well as smoke 
velocities and HRRs.

The tests were carried out in a sink tunnel outside Rotterdam. In Table 3.9 re-
sults from these tests are given. The tunnel has a rectangular cross section with a 
height of 5.1 m and a width of 9.8 m and a length of about 900 m. The tunnel has a 
maximum slope of 4.4 % and was equipped with longitudinal ventilation. A total of 
six jet fans were installed at the upstream portal of the tunnel in order to create air 
velocities up to 6 m/s. The test site was located at 265 m from the downstream por-
tal. The test program included four pool fire tests with ventilation rates between 0 
and 6 m/s. The pool fires consisted of a mixture of n-heptane/toluene. The pool fire 
source consisted of two and four fuel pans, respectively, where each pan measured 
1.8 m long and 1 m wide and the fuel level was 0.5 m above the road surface. The 
total fuel surface was 3.6 m2 in tests 1 and 2 and 7.2 m2 in tests 3 and 4.

The effects of ventilation were tested in tests 5–10 using cars and covered truck-
loads. Passenger cars (tests 5, 6, and 7) and covered truckloads (tests 8, 9, and 
10) were tested under different ventilation conditions. Each truckload consisted of 
800 kg wooden pallets (total of 36 €-pallets, 4 piles with 9 pallets in each pile), with 
four tires placed on the top. The fire load was mounted in a mock-up of a truck with 
a cover of tarpaulin where the rear end was open. The total length of the mock-up 
was 4.5 m, the width was 2.4 m and the height was 2.5 m. The longitudinal ventila-
tion was varied between 0 and 6 m/s. In tests 12–14, different FFFS were tested for 

Table 3.8  Relevant data from test program and data for the No 3. Shimizu Tunnel tests in 2001 [3]
Test no. Test id. Fire 

source (m2)
u (m/s) T0 (°C) FFFS discharge 

time from igni-
tion (min)

Qmax
 (MW)a ΔTmax (°C)

1 1G-0 1 0 NA NA 2.4 110
2 4G-0 4 0 NA NA 9.6 577
3 4G-2 4 2 NA NA 9.6 144
4 4G-5 4 5 NA NA 9.6 58
5 4G-0 4 0 NA NA 9.6 NA
6 4G-2 4 2 NA NA 9.6 NA
7 4G-5 4 5 NA NA 9.6 NA
8 9G-2 9 2 NA NA 21.6 300
9 3 passenger 

cars
5 NA NA NA NA

10 Single large 
bus

2 NA NA 30b 283

NA not available
a  Due to the good ventilation condition we assume free burning conditions that is 2.4 MW/m2  for 

gasoline (0.055 kg/(m2  s) 43.7 MJ/kg [36])
b This is estimated from the convective HRR of 20 MW derived by Kunikane et al. [43] because 
a  FFFS was activated when the convective HRR was 16.5 MW. We assume that 67 % of the HRR 

is convective and thereby we can estimate the HRR = 20/0.67 = 30 MW
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different ventilation rates. In test 11, a van loaded with 800 kg of wooden pallets (36 
pallets) and three tires on the top was tested. In tests 12 to 14, a covered truckload 
was tested with the same fire load as in tests 5–10, using aluminum covering. In 
test 14 no covering was used and the fire load was doubled to 1600 kg of wooden 
pallets.

In all the tests, except for the fuel pans, the fire sources were mounted on a 
weighing platform in order to measure the HRR. The HRR for the pans was ob-
tained from the mass loss rate of the supply fuel tank. The centreline temperatures 
were measured at five different heights at distance of 10, 20, and 50 m upstream 
the fire and at 10, 20, 50, and 200 m downstream the fire. The radiation heat flux 
from the fire was measured with cooled heat flux meters at eye-level at distance of 
5, 10, and 20 m from the fire centre. Ventilation velocities were measured at three 
positions upstream of the fire with hot wire anemometers and at three positions 
downstream the tunnel using bi-directional probes.

The effects of longitudinal ventilation (LTV) rate on the fire growth rate and 
peak HRRs of truck loads is an important knowledge that has been used by re-
searcher world-wide. In test 8 the peak HRR was 13.2 MW (without ventilation), 
19.5 MW in test 9 with 5.3 m/s ventilation and 16.2 MW in test 10 with 5 m/s. The 
tests with the 36 wood pallet fire load shows that, the fire growth rate with ventila-
tion was approximately 4–6 times faster than the fire growth rate without ventila-
tion and the peak HRR 1.5 and 1.2 times higher, respectively. The fire growth rate in 
the test with 72 pallets (26 MW) was about 1.9 times faster than the 36 wood pallet 
fire load with no ventilation (test 8).

One of the conclusions from these tests was that the back-layering of smoke 
was prevented by 3 m/s for all cases. This conclusion complies well with other 
investigations presented in this chapter. For a small truck fire, deadly conditions 
due to radiation exposure could be obtained within 10 m from the truck but not 
at 50 m downwind the fire. The visibility was reduced within few minutes at dis-
tances 100–200 m downwind the fire. The escape routes were obscured due to the 
smoke. An open deluge system reduced the temperature considerably. The risk for 
fire spread between adjacent vehicles was therefore not deemed to be high. Smoke 
temperatures downwind did not obtain fatal levels and the steam production was in-
significant. Visibility was however reduced such that escape routes would become 
difficult to observe.

The performance of FFFS was tested in four fire tests with simulated truck loads, 
tests 11–14. The FFFS was designed with a water discharge density of 12 mm/min. 
The FFFS reduced gas temperatures significantly and the risk of fire spread was 
also reduced. The temperature downstream did not attain the lethal tenability and 
steam production was insignificant. However, the visibilities in these tests were re-
duced so that escape routes were difficult to detect. Further information about these 
FFFS tests of the 2nd Benelux tunnel tests are given in Chap. 16.
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3.3.11  Runehamar 2003

Large-scale tunnel tests were carried out with HGV-trailer cargos in the Runehamar 
tunnel in Norway [45]. The tests were carried out by SP Fire Research in Sweden in 
cooperation with TNO in the Netherlands and SINTEF-NBL in Norway. The tunnel 
is a two-way-asphalted road tunnel that was taken out of use and is 1600 m long, 
6 m high and 9 m wide, with a slope varying between 0.5–1 %. The tunnel was a 
blasted rock-tunnel with a cross section varying between 47 and 50 m2. The test 
section was smaller than the tunnel itself. The area where the fire load was placed 
was 32 m2.

In total, four tests were performed with fire in a HGV-trailer mock-up. In 
Table 3.10, results from these tests are given. The specific commodities used con-
sisted of four different materials, each representing a category of material typically 
found in the cargo of a HGV-trailer. These commodities were: standardized wood 
pallets, plastic pallets made of polyethylene (PE), a standardized test commodity 
consisting of polystyrene cups (PS) in compartmented cardboard cartons and poly-
urethane mattresses (PUR). In total four tests were performed. In three tests, mix-
tures of the various cellulosic and plastic materials were used, and in one test a com-
modity consisting of furniture and fixtures was used. A polyester tarpaulin covered 
the cargo in each test. The HGV trailer mock-up was 10.45 m long, 2.9 m wide and 
4.5 m high with the trailer floor at 1.1 m above the road surface.

In Test 1 the fire load consisted of 11 tonnes of wooden and plastic pallets. At a 
distance of 15 m from the downstream side (rear end of the trailer-mockup) there 
was a target consisting of one pallet row of the same test commodity as used in test. 
In Test 2, the fire load consisted of 6.9 tonnes of wooden pallets and mattresses 
(include a target at 15 m). In Test 3, the fire load consisted of 8.5 tonnes of furniture 
on wooden pallets including the target at 15 m. In this test the fire load had 10 tyres 
(800 kg) positioned around the frame at the locations where they would be on a real 
HGV trailer. In Test 4 the fire load consisted of 2.8 tonnes of plastic cups in card-
board boxes on wooden pallets (no target used in this test). In each test the amount 
(mass ratio) of plastic materials was estimated to be about 18–19 %.

In each test, two fans positioned near the tunnel portal were used to generate a 
longitudinal airflow, this was about 3 m/s (centreline) at the start of each test but 
reduced to about 2.4−2.5 m/s once the fires became fully involved. At the location 
of the fire experiments which was approximately 1 km into the tunnel, a 75 m length 
of the tunnel was lined with fire protective panels, this reduced the cross-sectional 
area of the tunnel to 32 m2 in the vicinity of the fire. The tunnel height at the fire 
location was 4.7 m. The objectives of the test series were to investigate: (a) fire 
development in HGV cargo loads, (b) the influence of longitudinal ventilation on 
fire HRR and growth rate, (c) production of toxic gases, (d) fire spread between 
vehicles, (e) fire-fighting possibilities and (f) temperature development at the tunnel 
ceiling and along the tunnel.

Peak HRRs in the range of 67–202 MW and peak gas temperatures in the range 
of 1250–1350 °C were measured using nonhazardous cargoes. Prior to these tests 
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this high temperature level had only been observed in tests with liquid fires in tun-
nels. These tests show that ordinary trailer loads can generate the same level of HRR 
and ceiling temperatures as a tanker fire. The fire development in all the tests was 
very fast, despite a relatively small ignition source. The peak HRRs were reached 
between 8 and 18 min after ignition. The linear fire growth rates were 20.1 MW/
min for Test1, 26.3 MW/min for Test 2, 16.4 MW/min for Test 3 and 16.9 MW/min 
for Test 4.

Calculation of time to incapacitation 458 m from the fire was found to be about 
6 min from the time of arrival of the smoke gases using wood and plastic pallets 
and about 2 min using PUR mattresses. A “pulsing” phenomenon was observed in 
Test 1 and 2. These tests also indicate that the fire fighters may experience serious 
problems when trying to fight this type of fire, even with the use of longitudinal 
ventilation of 2.4–3 m/s.

3.3.12  METRO Tests 2011

Two full scale tests were performed with a commuter train carriages in an aban-
doned tunnel [46,47]. The tests were a part of the research project METRO, which 
is an interdisciplinary collaborative research project between universities, research 
institutes, tunnel infrastructure owners, and fire departments in Sweden [48]. The 
tests were performed in the Brunsberg tunnel which is a 276 m long tunnel located 
in western Sweden. The cross section of the tunnel varied but the average ceiling 
height was 6.9 m and average width at the ground level was 6.4 m. In total the cross 
section was in average 44 m2.

Two commuter train carriages used were of the type X1 and had been in opera-
tion a long period by the Stockholm Public Transport (SL) who donated the car-
riages for the tests. The X1 carriage was approximately 24 m long. There was a 
driver’s compartment at one end and the length of the passenger compartment was 
21.7 m. The width of the inside of the carriage was 3 m and the height along the 
centreline was 2.32 m. The height at the wall was 2.06 m. The horizontal part of the 
ceiling was approximately 1.1 m wide.

The fire was initiated inside the carriages using 1 L of petrol on a corner seat 
in order to simulate arson. The scenario for these two tests aimed to simulate an 
arsonist that ignited a seat in a corner. An empty milk container (paper with an inner 
plastic lining) was filled with 1 L of petrol. The ignition was achieved by placing 
the small ignition sources at different locations which ignited the spilled petrol from 
the empty milk container. When pulling a string attached to the milk container, it 
tumbled over and the petrol flowed out on the seat and floor and ignited by the burn-
ing fibre boards. The fire was then allowed to develop and spread to the luggage and 
other combustible material in the wagon. At the time of ignition the three doors on 
one side (below referred to as door 1, door 2, and door 3, counted from the front of 
the train) were open.

The train was in original shape and material (test 2), but the same type of carriage 
(X1) was used in both tests. The carriage used in the second test (test 3) was refur-
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bished to be similar to a modern C20 wagon (used in the Stockholm metro). The 
seats were refitted using X10 seats (relatively similar to C20 seats) and the walls 
and ceiling were covered by aluminium. The old walls and ceiling materials were 
retained behind the aluminium lining.

The data acquisition was comprehensive. Gas temperatures at numerous posi-
tions, HRR, gas concentrations, and smoke inside the carriage and the tunnel, as 
well as radiant fluxes, and gas velocities, were measured. The air velocity was mea-
sured 50 m upstream of the wagon, 3.45 m from the ground. Inside the carriage, 
temperature was measured at many positions, both as single thermocouples near 
the carriage ceiling and in thermocouple trees. Furthermore, CO, CO2, and O2 were 
sampled and analyzed in one position at three heights. The smoke density was also 
measured with a laser and photo cell system at three heights. In total there were 67 
sensors or sampling points inside the carriage. At measuring station 50 m from the 
fire there were a total of 26 sensors or samplings points (temperature, velocity, opti-
cal density, CO, CO2, O2).

The necessary air flow was obtained using a mobile fan of type Mobile Ventila-
tion Unit MGV- L125/100FD. The created air velocity in the tunnel was before the 
ignition 2–2.5 m/s.

The influence of the transitional fire load in mass transport systems carried on 
by passengers was one of the most important parameters to evaluate. To obtain a 
good estimation of what passengers in the Stockholm metro and commuter trains 
carry with them on the trains, a field study was carried out by Mälardalen University 
[49]. The field study showed that 87 % of all passengers in the commuter trains car-
ried bags with them on the train and 82 % in the metro. The luggage that was used 
in the full scale test corresponds to an assumption that approximately 81 % of the 
passengers carried luggage and a loading of one passenger per seat available (98 
seats) in the carriage. In total, 79 pieces of luggage were used with an average mass 
of 4.44 kg. This corresponds to a total transitional (extra) fire load of 351 kg. The 
different types of bags were filled with clothes and paper (reports and brochures). If 
an average energy content of 20 MJ/kg is assumed the extra fire load corresponds 
to 7.2 GJ.

Both tests were initiated inside the carriage and developed to fully flashover 
fires. The time to flashover was significantly different between the two cases. In the 
test with the original seats and linings the maximum HRR was 76.7 MW and oc-
curred 12.7 min after ignition. The maximum HRR in the case where more modern 
seats and aluminium lining were used occurred after 117.9 min and was 77.4 MW. 
The results from the tests are given in Table 3.11. No flame lengths were reported 
from the tests.

Table 3.11  Relevant data from the test program for the METRO tests
Test nr. Fire source Etot (GJ) u (m/s) T0 (°C) Qmax (MW) Tmax (°C)

2 X1 original 64 2–2.5 10 76.7 1081
3 X1 

refurbished
71 2–2.5 10 77.4 1118
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3.3.13  Carleton University Laboratory Train Tests 2011

Hadjisophocleous et al. [50] described two large-scale tests to determine the fire de-
velopment and HRR of intercity railcar and a subway car. Both cars were provided 
by the Korean Railroad Research Institute. The tests were carried in a test facility 
at Carleton University located 50 km west of Ottawa. The tunnel is 10 m wide, 
5.5 m high and 37.5 m long and is equipped with a mechanical exhaust system that 
consists of three fans capable of exhausting a total of 132 m3/s of air. This flow cor-
responds to a longitudinal flow of 2.4 m/s if one assumes a cross section of 55 m2. 
The air flow is introduced into the tunnel through a door which only covered a small 
portion of the tunnel cross section at the lower part. Due to the short length of the 
tunnel model, the distribution of the flow in the tunnel model may be very different 
with the realistic scenarios. The exhaust fan system is designed to draw smoke from 
the tunnel through a large fan chamber which is equipped with the instrumenta-
tion for measuring the HRR using oxygen consumption calorimetry. The method 
requires measurements of the mass flow rate, CO2, CO, and O2 concentrations of 
the exhaust gases.

Table 3.12 gives the relevant test data results. The intercity railcar has a length of 
23 m, a width of 3 m, and a height of 3.7 m. The total weight of the railcar is 38 tons. 
The estimated fire load for the railcar was 50 GJ. The subway car had a length of 
19.7 m, a width of 3.15 m and a height of 3.45 m. The estimated fire load of the 
subway car was about 50 % of the intercity railcar or just over 23 GJ.

In the test with intercity railcar, the fire starts to grow after about 1.7 min from 
ignition and by 5 min it reaches 10 MW. From there it grows slowly to 15 MW as 
more windows break. After the breakage of all windows, the HRR reaches the maxi-
mum value of 32 MW 18 min after ignition.

In the test of the subway car the fire takes more time to intensify than the inter-
city railcar fire; however once it starts to grow it does so very quickly. The maxi-
mum HRR of 52.5 MW was reached in about 9 min after ignition. In the test it took 
only 140 s for the fire to grow from 1 MW to 52.5 MW, which is an extremely rapid 
fire growth rate. According to Hadjisophocleous et. al. [50] this rapid fire growth is 
a result of the fact that four doors were open from the start of the fire so adequate 
ventilation was there to sustain such growth. This rapid fire development fits well 
to the description of a sudden flashover for the entire subway at about the same 
time frame.

The duration of the subway car fire was shorter than the intercity railcar fire due 
to the higher HRR and lower fuel load. Ceiling temperatures or flame lengths were 
not reported from the tests.

Table 3.12  Relevant data from the test program for the Carleton University laboratory
Test nr. Fire source Etot (GJ) u (m/s) T0 (°C) Qmax  (MW)
1 Intercity train 50 2.4 10 32
2 Subway coach 23 2.4 10 52.5
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3.3.14  Singapore Tests 2011

In 2011, the Efectis Nederland BV on assignment of the Land Transport Authority 
(LTA) of Singapore carried out six large-scale tests FFFS tests in the TST tunnel 
facility in Spain [51,52]. One test was carried out with no interaction of the FFFS. 
This test is of interest to report in this chapter, the FFFS tests are presented in 
Chap. 16. The test consisted of simulated HGV consisting of 228 pallets with 48 
plastic pallets (20 %) and 180 wooden pallets (80 %) were used in all fire tests. An 
air velocity of approximately 3 m/s was applied. The maximum HRR in this test 
was obtained after 14 min. The maximum HRR was 150 MW. Prior to this peak 
value, which probably was obtained after some pallets falling down, it was steady 
at a level of about 100 MW. The total integrated heat energy was 99.2 GJ.

3.3.15  Runehamar Test 2013

In 2013 SP Fire Research performed five large-scale water spray tests in the Rune-
hamar tunnel on the assignment of the Swedish Transport Administration [53]. One 
test was also carried without interaction of the FFFS. The other five tests are report-
ed on in Chap. 16. The Runehamar tunnel is situated about 5 km from Åndalsnes 
in Norway. It is a two-way asphalted road tunnel that was taken out of use in the 
late 1980 s. It is approximately 1600 m long, 6 m high and 9 m wide with a cross 
section of about 47 m2. The fire source comprised of 420 wooden pallets placed in 
the center of the tunnel, 600 m from the west portal. A target consisting of a pile 
of 21 wood pallets was positioned 5 m from the rear end of the fuel mock-up. This 
type of test fuel mock-up is often used to simulate the pay load of a Heavy Goods 
Vehicle (HGV) trailer. The target is used to evaluate the risk for fire spread. The 
moisture content in the wood pallets varied between 15–20 %. Each wood pallet 
weighed about 24 kg and was 0.143 m thick. The total length of the fuel load was 
just over 8.0 m. The total height of the fuel load was about 3 m. In total, the fuel 
load weighed just over ten tons. This means that the potential energy content is ap-
proximately 180 GJ. The target consists of 21 pallets, giving an additional energy 
of approximately 9 GJ (in total 189 GJ). The fuel mock-up was shielded with steel 
sheets both in front, back, and on the top. The fire developed up to 79 MW after 
38 min. The velocity in the tunnel was about 3 m/s. The maximum ceiling tempera-
ture was 1366 °C.

3.4  Model Scale Fire Tests

In the following a summary of some important model scale tests are given. The 
level of accuracy on the data is not as extensive as for the large-scale tests.
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3.4.1  The TNO Tests

A series of small-scale tests was performed by TNO in an 8 m long, 2 m high, and 
2 m wide model tunnel [54]. In these tests very high gas temperatures were mea-
sured and the Rijkswaterstaat Tunnel Curve (the RWS Curve) in the Netherlands is 
based on these tests.

3.4.2  Automatic Water Spray System Tests

A total of 28 tests, including three free-burn tests, were carried out in a 1:15 scale 
model tunnel [55]. The main aim was to analyze the possibility of using an auto-
matic water spray system instead of a deluge system in a tunnel fire. The fire spread 
between wood cribs with a free distance of 1.05 m (15.75 m in full scale) was also 
tested. Further, the effect of ventilation velocities and water flow rates on the acti-
vation of nozzles, HRR, fire growth rate, gas temperature, heat radiation, and fire 
spread was systematically investigated.

The tunnel itself was 10 m long, 0.6 m wide, and 0.4 m high, as shown in Fig. 2. 
Average longitudinal velocities of 0.52, 1.03, 1.54, and 2.07 m/s, obtained by ad-
justing a frequency regulator, were used in the test series. The corresponding large-
scale velocities were 2, 4, 6, and 8 m/s, respectively.

The fire load consisted of wood cribs (pine). The weight of a wood crib is about 
4.4 kg. The free distance between each horizontal stick was 0.033 m and the total 
fuel surface area of a wood crib was estimated to be 1.37 m2. The estimated HRR 
for the main fuel load was about 200 MW in full scale.

3.4.3  Longitudinal Ventilation Tests

A total of 12 tests were carried out in a 1:23 scale model tunnel with longitudinal 
ventilation [56]. The fire load was simulated with the aid of wood cribs, correspond-
ing to a scaled-down HGV (Heavy Goods Vehicle) fire load, and the fire spread 
between two or three wood cribs with a free distance of 0.65 m (about 15 m in full 
scale) was tested. The tunnel itself was 10 m long, 0.4 m wide, and two heights of 
0.3 m and 0.2 m was used respectively. The parameters tested were: the number 
of wood cribs, type of wood cribs, the longitudinal ventilation rate and the ceiling 
height. The fire spread between wood cribs, with a free distance corresponding to 
15 m in full scale, was also tested. The effects of different ventilation rates on the 
fire growth rate, fire spread, flame length, gas temperatures, and back-layering, 
were investigated.
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3.4.4  Point Extraction Ventilation Tests

A total of 12 tests were carried out in a 1:23 scale model tunnel with point extrac-
tion ventilation [57]. The fire load was simulated using wood cribs. The parameters 
tested were the longitudinal ventilation rate, the arrangement of the exhaust open-
ings, and the exhaust capacity. Moreover, the fire spread between wood cribs with 
a free distance of 0.65 m (about 15 m in full scale) was tested. The point extraction 
ventilation system was tested under different fire conditions together with either 
forced longitudinal ventilation or natural ventilation. The tunnel itself was 10 m 
long, 0.4 m wide, and 0.2 m high. The study focuses on smoke control using single 
and two point extraction systems. Further, the maximum HRR, fire growth rate, 
maximum excess temperature beneath the ceiling, flame length, and heat flux were 
analyzed using relationships obtained from theoretical considerations.

3.4.5  Tunnel Cross-Section Tests

A total of 42 tests were performed in model tunnels with longitudinal ventilation 
to study the effect of the height and width of a tunnel on the mass loss rate, HRR, 
and gas temperatures [58]. The tunnel was 10 m long with a scale of 1:20. The 
widths used were 0.3, 0.45, and 0.6 m and the height was varied between 0.25 and 
0.4 m. Two different types of fuels were used: pools of heptane and wood cribs. The 
wood cribs were of three different types. Two were wood cribs with two different 
porosities and the other one had the laterally placed short pieces of wood replaced 
by pieces of polyethene. The velocities tested in the model tunnels were in a range 
of 0.22–1.12 m/s.

3.5  Summary

A dozen of large-scale fire test programs have been carried out to date. The main 
focus has been on the heat and smoke spread and how different ventilation systems 
influence these parameters. Nearly half of the test series included FFFS testing. The 
quality of large-scale tests carried out in the 1960s–1980s varies considerably and 
in all these tests there is a lack of the key fire hazard parameter; the HRR. In the 
analysis carried out here new estimated HRRs are given. There is no doubt that the 
EUREKA EU499 tests and the Memorial tests are the most well-known and well 
reputed large-scale fire test series to date. They have already been established as the 
‘large-scale fire tests’ and provide a new base for standards and knowledge in tunnel 
fire safety. The use of oxygen consumption calorimetry has increased the quality in 
the HRR results and made it possible to measure HRRs from vehicles.
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The analysis of liquid fires presented here show that the variation in the results 
is considerable and it is difficult to assume one value for each type of liquid fuel. 
Parameters that influence the burning rate for each fuel type are the pan geometry, 
the fuel depth, the ventilation conditions and the reciprocal tunnel, and the fuel pan 
geometry. Further, in the case when the tunnel cross-section is large and the width 
of the tunnel is larger than the width of the fuel pan, as was the case in the Ofenegg 
tests [9], the influence of the longitudinal ventilation on the burning rate appears to 
be small.
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Chapter 4
Heat Release Rates in Tunnels
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Abstract An overview of heat release rates (HRRs) for different vehicles driving 
through tunnels is presented. The focus is on understanding fire development and the 
influences of tunnel conditions on the HRR. The HRR describes the fire development 
in the form of energy release given in megawatts (MW) over a given time period. The 
chapter presents the basic theory of burning of fuels and summarizes the HRR for dif-
ferent types of vehicles, solid materials, and liquids. Influences of different physical 
parameters such as tunnel construction or ventilation on the HRR are addressed. The 
HRR is also given as a value per square metre of exposed fuel surface area.

Keywords Heat release rate (HRR) · Vehicles · Ventilation · Fuel · Burning rate · 
Surface area

4.1  Introduction

The tunnel length and the traffic density are usually the key design parameters when 
setting the level of safety in road tunnels. In more advanced engineering design of 
the fire protection systems, the HRR of the vehicles using the tunnel becomes an 
important input. In rail tunnels, engineering analysis is based on risk analysis and 
creation of a design fire for a given train. The HRR depends on factors such as the 
ignition source and vehicle type, their geometry and size, material type, the geom-
etry of the tunnel, and the ventilation conditions. Furthermore, separations between 
vehicles are very important in relation to fire spread. The geometric configuration 
and proximity of fuels within a fuel package are also expected to significantly affect 
fire spread. For fire testing, fuel packages can be both real vehicles and mock-ups 
with arranged fuels such as pool fires or piled wood pallets.

Experience from large tunnel fires shows that the HRR is the most important 
parameter for describing the development and consequences of a fire. The HRR 
physically correlates to the mass burning rate of fuel and to the production of heat, 
smoke, and gases. In the engineering design of ventilation and evacuation systems, 
as well as the structural strength of a tunnel, the HRR is a key parameter. The design 
parameters usually involve tabulated peak HRR values in MW [1, 2]. In Chap. 6, 
design fires and curves are discussed in more detail.
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In order to obtain an overview of the relevance of these tabulated design data, a 
summary of all available HRRs for vehicles and other type of fuels used in tunnels 
is needed. Results from experimental tests may vary considerably, even if the setup 
is similar. This is because not all factors can be exactly controlled. Using HRR re-
sults from different fire tests therefore, requires caution and wariness.

Compilations of HRR results for tunnel fires have been presented by the authors 
and others. This includes the overview given by Ingason [3] of HRRs of different 
vehicles until 2001 and the work in 2005 where Lönnermark and Ingason [4, 5] pre-
sented a compressed summary of peak HRRs and corresponding ceiling tempera-
tures from large-scale tunnel fire tests. In 2006, Ingason [6] compiled and described 
most of the large-scale test data found in the literature, including HRR and gas tem-
peratures; and, in the 2008 edition of the society of fire protection engineers (SFPE) 
Handbook of Fire Protection Engineering, Babrauskas published HRR curves from 
various transport vehicles and components [7]. The latest work is in the Handbook 
of Tunnel Fire Safety [8], the chapter on Heat Release Rates in Tunnel Fires: A 
Summary, authored by Ingason and Lönnermark in 2012 [9]. These summary works 
are largely reflected here and have been updated by the latest research.

The HRR during tunnel tests can be determined by different measuring tech-
niques. The most common way is by using oxygen consumption calorimetry. The 
HRR can also be determined by measuring the weight loss of the fuel, the convec-
tive flow, or by using carbon dioxide generation calorimetry. The accuracy of these 
methods strongly depends on the measuring technique and the number and type of 
probes used. The calculation method also plays an important role but not as impor-
tant as the technique used to determine the HRR.

Experience has shown that the total accuracy of HRR measurements in tunnel 
fires varies [10–12].The measurement error is on the order of 15–25 % in large-
scale testing whereas in fire laboratories it is in the order of 7–11 %[13]. Ingason 
et al. [14] estimated the maximum error in their measurements in the EUREKA EU 
499 testseries (FIRETUN) [15, 16] to be approximately 25 % (relative errors con-
servatively added), whereas in the Runehamar tests Ingason and Lönnermark [17] 
estimated the error to be 14.9 % (combined expanded relative standard uncertainty 
with a 95 % confidence interval [13]).This shows that the HRR measurements in 
tunnels yield relatively high uncertainty in the measured values.

In Chap. 3, the maximum or peak HRR values were presented for each large-
scale test program, but in the following sections measured HRR are given for each 
type of vehicle or fuel, both as table values and in graphs.

4.2  Measured HRR in Different Vehicles

4.2.1  Road Vehicles

In Table 4.1, a summary of HRR measurements of passenger cars and other road ve-
hicles is given [9]. For each test, an estimate of total calorific content, the measured 
peak-HRR and time to peak-HRR is given. In Table 4.1, the passenger cars have 
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either been burned under a calorimeter hood (C) or inside a tunnel (T), whereas all 
the large vehicles have been burned in tunnels.

4.2.1.1  Passenger Cars

HRRs in passenger cars are the most frequently obtained data found in the literature. 
Table 4.1 is essentially identical to the one given by Ingason and Lönnermark [9].

In Figs. 4.1 and 4.2 selected graphs of measured HRRs from single passenger 
cars are given. Most of these data are extracted from graphs given in each reference. 
For comparison, the t-squared fast fire growth curve [18] is also presented. In the 
following text, a short discussion of these tests is given.

HRRs from three full-scale laboratory tests using typical passenger cars (steel 
body) manufactured in the late 1970s (Car1, Car2, Car3) were presented by Mangs 
and Keski–Rahkonen [19]. The experiments were performed indoors using an oxy-
gen calorimetry hood. Ignition was either inside the passenger cabin using a 0.09 m2 
heptane tray under the left front seat in test one or beneath the engine with an open 
0.09 m2 heptane tray yielding about 160 kW. The peak HRR ranged from 1.5–2 MW 
and the time to peak HRR varied from 10–14 min.

HRR of a plastic passenger car from a test in the EUREKA 499 test series [15, 
16] was presented by Steinert [12]. The car used was a Renault Espace J11-II (1988) 
and was ignited in a transistor in the console in order to simulate a fire in the cable 
system. The peak HRR was 6 MW after 8 min.

HRRs of different types of passenger cars in a carpark, all with different types 
of car bodies (plastic and steel) have also been presented by Steinert [20]. The peak 

Fig. 4.1  Experimentally determined HRRs for single vehicle fires (passenger cars) [9]. Most of 
the data are extracted ( E) from graphs found in the literature. If measured data are given it is 
 indicated with ( M). The references and more information are given in Table 4.1
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HRR for single burning vehicles varied between 1.7–4.6 MW, acheived within the 
time frame of 11–27 min. A total of ten tests were performed in a carpark where the 
aim was to measure the HRR and quantify the risk for fire spread. The first three 
tests were carried out with single vehicles whereas the other six tests consisted of 
combinations of two and three passenger cars which were placed beside the ignited 
vehicle. The cars were ignited by dripping flammable liquid on the front seat with 
the front seat side window open. The peak HRR in the tests with two cars or three 
cars, presented by Steinert [20], varied between 5.6–8.9 MW and was achieved 
within the time frame of 20–55 min.

The HRRs for a 1982 Austin Maestro and a 1986 Citroën BX reported by Shipp 
and Spearpoint [22] are given in Fig. 4.1. The CitroënBX was ignited in the engine 
compartment with a small petrol pool fire of 5 kW. The Austin Maestro was ignited 
in the driver seat with a small wood crib of 10 kW. The test was carried out by us-
ing a calorimeter hood at each end of a canopy which was 8.7 m long and 3.5 m 
wide. The test setup was intended to represent a Channel Tunnel shuttle wagon. The 
peak HRR measured for the Citroën and the Austin Maestro was 4.3 and 8.5 MW, 
achieved after 15 and 16 min, respectively.

HRR measurements were presented by Lemair [23] for two Opel Kadetts (1990) 
performed with two different ventilation rates; 0 and 6 m/s, respectively. The fuel 
tank was filled with 25–30 l of petrol and the results are presented in Fig. 4.2. The 
peak HRR measured with no ventilation was 4.7 MW after 11.5 min, and with 6 m/s 
ventilation it was obtained in two steps: the first maximum was about 3 MW after 
13 min, and the second one about 4.6 MW after 37 min. The high ventilation rate 
made it difficult for the fire to spread within the cabin in the opposite direction to 

Fig. 4.2  Experimentally determined HRRs for single vehicle fires (passenger cars) [9]. Most of 
the data are extracted ( E) from graphs found in the literature. If measured data are given it is indi-
cated with ( M). The references and more information are given in Table 4.1
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the ventilation flow. A test with a Citroen Jumper van was carried out during a test 
with a deluge sprinkler system in the tunnel ceiling. The sprinkler system was acti-
vated after about 13.6 min, see Fig. 4.1. Ingason et al. [21] presented HRR measure-
ments for a Fiat 127 which was ignited in the engine compartment with an electrical 
device. The peak HRR was 3.6 MW after 12 min. The fire was extinguished by 
firefighters 13 min into the test, see Fig. 4.2.

Ten HRR measurements from passenger vehicle fires in a simulated carpark 
were presented by Joyeux [24]. Tests with one car and with two cars were carried 
out beneath a 10 MW calorimeter. Mazda, Renault, BMW, Citröen BX, and Peu-
geot, manufactured in the 1980s and 1990s, were used in the tests. The location of 
the ignition source was varied. In the first seven tests, the first car was ignited with 
a small petrol tray under the left front seat. In the other tests, the first car was ignited 
by a petrol tray placed under the car at gear box level. As can be seen in Table 4.1, 
the HRRs for single car fires (small and large passenger cars) varied from 1.5 to 
about 9 MW, but the majority of the tests show HRR values less than 5 MW. In the 
cases when two cars were involved the peak HRR varies between 3.5 and 10 MW.

Tests with passenger cars in a car park environment were presented by Shipp 
et al. [25]. Both single cars (BRE test nr. 7–8) and multiple cars (BRE test nr. 1–3) 
that were located side by side or stacked on each other were burned. The aim was 
to examine the time to reach a fully developed fire. The HRR of a fire starting in 
the passenger compartment or in the engine compartment of one of the vehicles was 
measured. The risk for fire spread from car to car was also documented. The results 
are only available in Table 4.1 and are indicated as BRE where BRE stands for Brit-
ish Research Establishment. The peak HRR for the two single vehicle tests was 3.8 
and 4.8 MW after 54 and 45 min, respectively. With multiple vehicles it varied from 
7–16 MW, occurring within a time frame of 10–55 min.

As the information on HRR in passenger cars is quite broad, it is possible to 
summarize it in a graph. In Fig. 4.3, a summary of the peak HRR data found for 
passenger cars is plotted as function of the time to peak HRR. It shows that the peak 
HRR for single vehicle fires (passenger cars) can vary from 1.5–8 MW, where most 
are lower than 5 MW. There are numerous test results available for two- and three-
vehicle fires (passenger cars), although most of them are carried out in car parks 
and not tunnels. The variation in HRR for two-vehicle fires is 5.6–10 MW, and for 
three-vehicle fires it varies from 7–16 MW. The vast majority of tests show peak 
HHRs less than 10 MW, but one should bear in mind that these tests are mostly 
carried out in car parks, where very little longitudinal ventilation exists. Increased 
longitudinal ventilation may increase the fire spread between multiple vehicles, and 
thereby increase the peak HRR slightly.

The time to peak HRR varies between 8 and 55 min for single cars. In many of 
these tests, the peak occurs very late, depending on how the windows broke and 
which ventilation conditions were dominant. As indicated in Fig. 4.3 there is no 
clear correlation between the peak HRR and the time to achieve the peak HRR.

In over 80 % of the cases for single cars, the peak occurs within 8–30 min and 
for 60 % of the cases the peak occurs within 8–20 min. For two and three cars this 



96 4 Heat Release Rates in Tunnels

time is more evenly distributed over the entire time spectra. In 95 % of the cases the 
HRR is less than 10 MW.

The experiments carried out by Joyeux [24, 26] indicated an increase in peak 
HRR for modern cars at the same time as the total energy content (GJ) was in-
creasing. Ingason [3] analyzed the data and observed a tendency that peak HRR 
increased linearly with total calorific value (GJ) of the passenger cars involved. An 
analysis of all data available at that time showed that the average increase was about 
0.7 MW/GJ. Lönnermark [27] did similar analysis for passenger cars and found out 
that the linear relationship between the peak HRR and the total energy content was 
0.868 MW/GJ with a correlation coefficient R equal to 0.840.

4.2.1.2  Buses

There are not many large-scale tests with buses available. Only three tests which are 
relevant to this chapter are found in the literature. Details of these tests are provided 
in Table 4.2.

Ingason et al. [14] and Steinert [12] presented a measured HRR for a 12-m long 
Volvo school bus built in the 1960s made of fiberglass (EUREKA Bus, test 7). In the 
analysis of the HRR data, Steinert [12] used more coarse measurement points than 
Ingason et al. [14]. In Fig. 4.4 calculated values for the HRR of the test are given.

The peak HRR was measured to be 29 MW by Ingason et al. and 34 MW by 
Steinert. The total calorific content was estimated to be 41 GJ by Ingason et al. and 
44 GJ by Steinert. The estimated time to peak HRR was 8 and 14 min, respectively.

In 2008, Axelsson et al. [28] carried out a large-scale experiment with a modern 
coach (Volvo manufactured in early 2000 with 49 seats). The test was conducted un-
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der a large hood calorimeter (nominal 10 MW capacity) inside a fire laboratory. The 
measured HRR is shown in Fig. 4.4. A t-squared ultrafast fire growth curve [18] is 
included for comparison. It is reported that the initial fire development was relative-
ly slow. The fire was ignited with a 100 kW gas burner in the luggage compartment 
at the back of the bus and below the passenger compartment. The fire spread from 
the luggage compartment into the passenger compartment through the side win-
dows. The fire started to grow significantly when three side windows in the passen-
ger compartment had broken about 15–16 min after ignition. There are three peaks 
in the HRR curve given in Fig. 4.4. The first peak occurred after about 11 min, when 
the fire broke out on the side of the luggage compartment. The fire then spread 
into the passenger compartment through the windows between15–17 min after ig-
nition. The situation in the fire laboratory became intolerable soon after that and 
the fire was extinguished manually at approximately 18.5 min after ignition (the 
last peak of the curve). There were problems with a leakage of heat and smoke as 
the hood collector did not have enough capacity during this period. The final HRR 
was probably higher than the measured peak shown in Fig. 4.4. The authors of the 
report estimated that the peak HRR could have been as high as 25 MW had the bus 
continued to burn.

The third test presented here was conducted in the Shimizu Tunnel in Japan. Part 
of the test was to examine the use of a sprinkler system [29], or a fixed firefighting 
system (FFFS), in road tunnels. The HRR was not measured but Kunikane et al. 
[29] estimated the convective peak HRR based on temperature measurements and 
the mass flow rate prior to the activation of the water spray system to be 16.5 MW. 
Kunikane et al. estimated that the peak convective HRR would have been approxi-
mately 20 MW if the FFFS had not been activated. Ingason [9] estimated the peak 
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HRR to be 30 MW by assuming that 67 % of the total HRR is convective. Two 
HRR curves have been plotted in Fig. 4.4, one by extracting the information from 
Kunikane et al. [29] based on the convective HRR, and one showing the total HRR 
based on the assumption that 67 % of the total HRR is convective.

4.2.1.3  Heavy Goods Vehicles

Most heavy goods vehicles (HGV) tests that have been carried out in tunnels use a 
mock-up simulating the cargo of a HGV trailer. Only those tests that are found in 
the literature and can be regarded as a free burning test, that is, without any interac-
tion of a FFFS, such as sprinkler systems, are considered in this section. The peak 
HRR, fuel load and time to reach peak HRR are given in Table 4.3 and the HRRs 
are plotted in Fig. 4.5 and 4.6.

The first tests known as a HGV test was performed in 1992 in the EUREKA 
499 test programme in Repparfjord in Norway [15]. A simulated HGV-trailer load 
(mock-up) was used, consisting of densely packed wood cribs supplemented by 
rubber tyres and plastic materials on the top (64 GJ). In this test, a natural ventila-
tion rate of 0.7 m/s was obtained. The second test performed, also as a part of the 
EUREKA 499 test programme, was a fully equipped HGV truck and trailer loaded 
with mixed furniture (87 GJ) with varying longitudinal velocity during the test: 5–6 
and 2–3 m/s. The peak HRR obtained was 23 MW after 15 min for the mock-up and 
128 MW after 18 min for the real HGV.

A HGV test series was performed in the Mont Blanc tunnel in 2000 [31], with a 
HGV (truck and a trailer) similar to that which generated the fire in 1999 but with a 
much smaller amount of transported goods (35 instead of 76 GJ) [32, 31]. The fire 
load in the trailer consisted of 400 kg of margarine. The peak HRR of 23 MW was 
obtained after 47.5 min.

Another test series using HGV mock-ups was performed in the Second Benelux 
tunnel [23] in the Netherlands in 2001.Standardized wood pallets were arranged 
in two different configurations (approximately 10 and 20 GJ) with different longi-
tudinal velocities: natural ventilation (∼ 0.5 m/s), 4–5, and 5 m/s. The peak HRRs 
obtained were 13, 19, and 16 MW, respectively. The corresponding times were 16, 
8, and 8 min.

A free burn test series was carried out in the Runehamar tunnel [17] in 2003. 
Four large-scale tests, each with a mockup of a HGV-trailer, which consisted of a 
steel rack system loaded with mixed commodities. The first test consisted of wood 
pallets and polyethylene pallets (Test T1), then wood pallets and polyurethane mat-
tresses (Test T2), followed by furniture and fixtures with ten truck rubber tyres (Test 
T3), and finally paper cartons and polystyrene cups (Test T4).The commodity was 
covered with a polyester tarpaulin in each test and ignited on the upstream, front 
end, of the trailer. Initial longitudinal ventilation rates within the tunnel were in the 
range of 2.8–3.2 m/s. Peak HRRs measured were in the range of 66–202 MW. The 
peak HRRs were obtained between 7.1 and 18.4 min from ignition in the various 
tests.
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Fig. 4.5  The HRR for the HGV trailer mock-up tests presented in Table 4.3 [9]. (The EUREKA 
HGV test number 21 was for a real HGV, including the cab) [9].Most of the data are extracted ( E) 
from graphs found in the literature. If measured data are given it is indicated with ( M)

 

Fig. 4.6  The HRR for the HGV trailer mock-up tests presented in Table 4.3 [9].Most of the data are 
extracted (E) from graphs found in the literature. If measured data are given it is indicated with (M).
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Since 2003, numerous large-scale tests with focus on testing FFFS have been 
performed. Most of them do not include a free burn test, and they are presented in 
more detail in Chap. 16. There are at least two test series that included at least one 
free burn test, namely a test in the Singapore programme with wood pallets and 
plastic pallets [33, 34]. Also, in 2013 fire tests with 441 wood pallets (420 main 
fire load and 21 in a target (a pile of wood pallet used to investigate plausible fire 
spread) were performed in the Runehamar tunnel [35].

The variation in the peak HRRs for HGVs are from 13–202 MW. The Rune-
hamar test results in 2003 varied from 67–202 MW. One should bear in mind that 
nearly all the HGV tests (except the 120 MW EUREKA test that included a furni-
ture load and a truck cabin where the fire was ignited inside) were carried out as a 
piled commodity on an elevated platform, with a minimum of containment of the 
fire load. In most cases a plastic tarpaulin covered the piled commodity and burned 
very fast without spreading the fire. The ignition source was also placed inside the 
commodity, usually on the upstream side. Initially the tarpaulin delayed the fire 
spread mainly due to wind protection, but as soon as it burned off, the wind affected 
the fire spread by deflecting the flames. The deflection of the flames throughout the 
cargo is the most important parameter for fast fire growth rates in this type of test 
mock-up. Any type of wind protection delayed the fire growth considerably. This is 
discussed in more detail in the fire growth rate Chap. 5.

These are all factors that may affect the initial fire growth rate in comparison to a 
fire in a real HGV. The peak HRR values, however, depend more on the amount of 
exposed fuel surface area (the way it is piled) and the ventilation conditions in close 
proximity to the fuel load (shielding effects, containment, etc.). This means that 
the way the commodity is piled or stored is an important factor to consider. If the 
cargo is relatively open it is possible to calculate the peak HRR based on exposed 
fuel surface area.

If the cargo is enclosed within a steel container or other time delaying material 
the fire development may be different compared to the values presented here. The 
effect of the tunnel geometry (especially the tunnel height) is also an important is-
sue as the fire load interacts with its physical environment when it is burning.

In Fig. 4.7 a plot of the HRR versus time to reach a peak value is shown for all 
available experiments with HGV fire loads. It shows that the time to reach peak 
HRR is between 8–18 min and the peak HRR varies between 13–202 MWs.

Lönnermark [27] analyzed the correlation between the peak HRR and the total 
energy content of HGVs. There was a scatter in the data and there were differences 
in test conditions, but he concluded that there is a clear relationship between the 
peak HRR and the energy content using 0.866 MW/GJ ( R = 0.910).Later, Kashef 
et al. [38] examined the tests data from 2nd Benelux tunnel, EUREKA 499 tests 
and from the Runehamar tests, and showed that the peak HRR correlates with the 
released total energy for well ventilated fire using 0.9 MW/GJ. Although the ex-
istence of this good correlation, one should be careful in using them. There is no 
physical evidence for this correlation except that higher the total energy content is 
larger volume of combustible material is expected. The larger the volume or weight 
of material is in place, often the larger the exposed fuel surface area is. However, 
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this does not always have to be true. It is more related to how the goods are stored, 
rather than how much volume or weight is in place. Larger exposed surface areas, 
for the same weight or volume of material, increase the peak HRR.

4.2.1.4  Tanker Fires

A full scale tanker test in a tunnel has never been reported. All the values found in 
the literature or in standards are based on estimates. These estimates show HRR 
values varying between 10–400 MW. These values are dependent on the initial type 
of accident, leakage flow, the way the gasoline or diesel is contained etc. The tank 
material (aluminium or steel) has a major effect on the result as well as the position 
of the vehicle (turn over, crash, etc.) in relation to the initial fire. Although there are 
no large-scale results reported on HRR tests using gasoline or diesel tankers found 
in the literature, there are numerous tests that have been carried out using pool fires, 
see Sect. 4.2.1.5.

The fire size of burning road gasoline tankers in tunnels reported in the literature 
are usually based on a possible spillage size and no concern is given to the road 
tanker itself containing a volume of liquid inside a tank. Heselden [39] assumed a 
gasoline fire to produce about 2 MW/m2 (pool fire) and following Heselden pro-
posal, Liew et al. [40] assumed a spillage area from a leaking tanker to be 50 m2 
thus producing a 100 MW fire.

Very few road gasoline tanker accidents in tunnels leading to fire have occurred 
in the world. The road tanker accident in the Caldecott tunnel in the USA in 1982, 
where a gasoline trailer collided and overturned, is the best source available today 
[41, 42]. Larson et al. [41] carried out a thorough analysis of the gasoline tanker 
accident in the Caldecott tunnel (USA 1982) showing that about 33 300 L gasoline 
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was burned within 40 min. Hence the average burning rate would be 14 L/s which 
yield about 430 MW fire assuming complete combustion. However, in tunnels com-
plete combustion is usually not achieved for such large fires without a high velocity 
longitudinal ventilation system. An estimate given by Ingason indicates that the 
Caldecott tanker fire HRR was probably less than 300 MW [43]. The knowledge 
about the effects of ventilation on combustion efficiency in such large fires is not 
clearly known.

Ingason [43] describes how the HRR from a road gasoline tanker accident was 
estimated with aid of small-scale testing together with a theoretical calculation and 
analysis of an actual road tanker accident such as the Caldecott tanker fire. For the 
case studied, the initial spillage fire HRR caused by a collision can be in the range of 
10–300 MW. This range includes small spillage fires created by small leaks where 
the entire spill burns up before it reaches the drainage system to large spillage fires 
creating a bulk tank fire where the tank is engulfed in flames. In the case of an alu-
minum road tanker, the initial spillage fire can eventually lead to a bulk tank fire 
since, the top of the tanks may open up. The unwetted walls will gradually disap-
pear because aluminum parts will soften and fall into the tank and because parts 
will melt. The burning rate per square metre fuel surface could become more than 
five times higher than ordinary pool fires since, the gasoline bulk starts to boil after 
some time. Depending on the combustion efficiency the aluminum bulk tank fire 
HRR can be in the range of 200–300 MW and for the case studied the fire duration 
can be in the range of 50–60 min. Good agreement is found between the theoreti-
cally calculated burning rates and experimentally determined values for a bulk tank 
fire using model scale experiments [43]. As pool fires usually constitute the basis 
for estimation of tanker fire size, a more thorough analysis of such fires is given in 
Sect. 4.2.2.5.

4.2.1.5  Pool Fires (Liquid)

Babrauskas [44] presented numerous data on liquid pool fires that can be compared 
to the tests carried out in tunnels. Babrauskas [44] has also used the following equa-
tion, which was originally given by Zabetakis and Burgess [45] to calculate the 
HRR for pool fires:

 (4.1)

where ′′∞m is the highest value for mass burning rate (kg/(m2 s)) obtained from tabu-
lated data for each fuel in Babrauskas [44] (in Table 3–1.13), D is the pool diameter 
(m), ΔHc is the effective heat of combustion (MJ/kg), χ is the combustion efficiency, 
Af is the pool area (m2) and kβ is the product of the extinction–absorption coeffi-
cient of the flame k (1/m) and the mean bean-beam-length corrector β. The product 
kβ has the dimension (m−1).Values for petroleum products from Table 3–1.13 in 
Babrauskas [44] are reproduced in Table 4.4, in order to be used later in tables and 
examples.

(1 ) ·k D
c fq m e H A−

∞= − ∆′′ ′′ 

β χ
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Example 4.1 What is the HRR from a gasoline pan fire that is 1.5 m in diameter?

Solution: Use Eq. (4.1) and select corresponding values from Table 4.4. For gaso-
line m ′′∞

• = 0.055 kg/(m2 s), k β  = 2.1 m−1, ∆Hc eff,  = 43.7 MJ/kg (assuming χ = 1) and 
the area is π x 1.52/4 = 0.56 m2. The total HRR is 0.055 × (1−e−2.1 × 1.5) × 43.7 × 0.56 = 
1.3 MW or per fuel surface area ′′q  = 1.3/0.56 = 2.3 MW/m2.

The HRR for different pool fire tests conducted in tunnels is presented in 
 Table 4.5. The majority of the tests have been carried out using circular or square 
pans with relatively deep fuel depth, both with or without a water bed under the fuel. 
It is assumed that the depth of the fuel was more than 80 mm, and the minus sign (−) 
is given in cases where the fuel depth is uncertain or not reported. Tests with a fuel 
depth less than 80 mm are also presented in Table 4.5.

For comparison, values using Eq. (4.1) are given in Table 4.5. If no information 
is available for the fuel it does not appear in Table 4.5 and if the area A is not known, 
A is set equal to 1.0 m2.

In the Ofenegg tests in 1965 [46] the influences of the ventilation conditions and 
the tunnel and fuel pan geometry on the burning rate were clearly demonstrated. 
The tunnel was only 190 m, with one portal (dead end tunnel). The distance from 
the portal to the nearest edge of the pans was 130 m. Three different types of ven-
tilation conditions were possible to obtain in the test tunnel: natural ventilation, 
semi-transverse, and longitudinal ventilation.

In the case of natural ventilation one could expect that this is similar to an enclo-
sure fire, that is, one opening at the portal. Estimation of the HRR using Eq. (4.1) 
yields a HRR of 84.5 MW. This is much higher than obtained in the natural venti-
lation tests for larger pans with A = 47.5 and 95 m2, or 35–39 MW (see Table 4.5). 
Even for the semi-transverse ventilation case the HRR was in the same range. The 
only explanation is the effect of inerting (vitiation) on the HRR, through mixing of 
combustion products with the incoming fresh air.

Table 4.4  Empirical constants for use in Eq. (4.1). Values reproduced for petroleum products from 
Table 3–1.13 in Babrauskas [44]
Material Density 

(kg/m3)
Heat of 
gasification 
Lg (KJ/kg)

Heat of com-
bustion ΔHc 
(MJ/kg)

Mass burning rate 
′′∞m (kg/(m2 s))

Empirical con-
stant in Eq. (4.1) 
kβ (m−1)

Benzine 740 – 44.7 0.048 3.6
Gasoline 740 330 43.7 0.055 2.1
Kerosene 820 670 43.2 0.039 3.5
Jp-4 760 43.5 0.051 3.6
Jp-5 810 700 43.0 0.054 1.6
Transformer 
oil

760 – 46.4 0.039 0.7

Fuel oil 940–1000 – 39.7 0.035 1.7
Crude oil 830–880 – 42.5–42.7 0.022–0.045 2.8
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Fuel type Test place/
ventilation (see 
Chap. 3 for more 
details about 
each test)

Fuel depth 
(mm)

Fuel area 
(m2)

HRR 
(MW)

HRR per 
square metre 
fuel (MW/m2)

Eq (4.1)
HRR per 
square metre 
fuel (MW/m2)

Gasoline Ofenegg (test 
1)—natural

– 6.6 16 2.4 2.4

Offenegg (test 
2)—semi-trans-
verse

– 6.6 12 1.8

Offenegg (test 
2a)-longitudinal

– 6.6 12 1.8

Offenegg (test 
7a)—longitudinal

– 47.5 70 1.5

Offenegg (test 
5)—natural

– 47.5 39 0.8

Offenegg (test 
6)—semi-trans-
vers

– 47.5 38 0.7

Offenegg (test 
9)—natural

– 95 35 0.4

Offenegg (test 
10)—semi-trans-
verse

– 95 32 0.3

Zwenberg (test 
101)

– 3.4 8 2.4

Zwenberg (test 
210)

– 6.4 12 1.9

Zwenberg (test 
301)

– 13.6 20 1.5

PWRI (test 1) – 4.0 9.6 2.4
SP 50 2 5.8 2.9 2.4
SP 7 2 4.5 1.6
SP 2–3 6 5 0.8

Diesel Zwenberg (test 
220)

– 6.40 10 1.6

SP – 2.8 3.5 1.3 1.6
SP 20 1.2 1.8 1.5
SP 1–2 – – 0.25–0.3

Kerosene SP 70 0.4 0.7 1.7 1.7
Glasgow – – – 1.4

Heptane EUREKA (test 
16)

– 1.0 3.5 3.5

EUREKA (test 
18)

– 3.0 7.0 2.3

Table 4.5  Summary of pool fire tests in tunnels and laboratories
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In the first test with natural ventilation, the average burning rate was 0.059 kg/
(m2 s) for a 6.6 m2 fuel pan, that is, 2.4 MW/m2. In the tests with semi-transverse and 
longitudinal ventilation and a 6.6 m2 pan, the HRR per unit fuel area was reduced to 
1.8 MW/m2. In the tests with the 47.5 m2 fuel pan the burning rate for natural and 
semi-transverse ventilation was 0.8 and 0.7 MW/m2, respectively, whereas in the 
test with longitudinal ventilation the HRR is 1.5 MW/m2. In the 95 m2 pan the HRR 
per unit fuel area was only 0.3–0.4 MW/m2 which corresponds to 83 % of the HRR 
per unit fuel area in the open.

It is evident that the HRR per unit fuel area and thereby the total HRR in these 
tests is highly influenced by ventilation and the test setup. The poor accessibil-
ity of oxygen to the fuel bed is the main reason [6] together with the fact that the 
Ofenegg tunnel was a ‘dead end’ tunnel. In the case when no mechanical ventila-
tion was applied, the only air supply came from the portal on one side of the fire 
and therefore,one can expect effects of vitiation in the same way as described in 
Chap. 2, Sect. 2.6.

In the Zwenberg tests in Austria in 1974–1975 [47], the results were much more 
consistent with expectations in tunnel fires. The main reason is that the tunnel had 
two portals, which makes a huge difference in the way the air is supplied to the 
fire. Only mechanical ventilation was available (longitudinal, semi-transverse, and 
transverse ventilation). The average burning rate per square metre fuel area of gaso-
line for all the tests was 0.043 kg/(m2 s) with a standard deviation of 0.0075 kg/
(m2 s). This corresponds to a HRR per unit fuel area of 1.9 MW/m2, and standard 

Fuel type Test place/
ventilation (see 
Chap. 3 for more 
details about 
each test)

Fuel depth 
(mm)

Fuel area 
(m2)

HRR 
(MW)

HRR per 
square metre 
fuel (MW/m2)

Eq (4.1)
HRR per 
square metre 
fuel (MW/m2)

SP 70 0.4 1.14 2.7 2.6
n-60 % 
hep-
tane/40 % 
toluene

2nd Benelux 
(test 1)

– 3.6 4.10 1.1

2nd Benelux 
(test 2)

– 3.6 3.50 1.0

2nd Benelux 
(test 2)

– 7.2 11.5 1.6

Low-
sulfur No 
2 fuel oil 
(diesel)

Memorial – 4.5 10 2.2
Memorial – 9.0 20 2.2
Memorial – 22.2 50 2.3
Memorial – 44.2 100 2.3

JP-5 SP 5 2.8 4.8 1.7
SP 2.5 2.8 3.1 1.1
SP 1 2.8 1.1 0.4

Table 4.5 (continued) 
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deviation of 0.3 MW/m2. The average reduction in the burning rate was about 22 % 
of the HRR per fuel surface in the open.

Some tests with smaller fuel depths have been carried out by SP Technical Re-
search Institute of Sweden (SP), but have not been reported earlier. In Table 4.5, 
tests with fuel depths less than10 mm, and tests with larger fuel depths are given. 
Most of them were conducted in a pan but the SP gasoline test of 2–3 mm consisted 
of continuous outflowing of 22 L/min of gasoline on a sloped concrete surface. The 
JP-5 tests with a small fuel depth were carried out on a water bed. It is clear from the 
results given in Table 4.5 that the fuel thickness is an important parameter to consid-
er. The HRR per fuel surface area can be reduced by 70–80 % of the large fuel depth 
value if the fuel is only a few millimeters deep. A fuel on an asphalt road surface 
can be expected to be not more than a few millimeters thick. This has to be taken 
into account when considering the HRR from different pool fires on road surfaces.

In the cases where the ventilation did not have a large influence on the results, 
the calculated values in Table 4.5 show a very good correspondence with the values 
obtained from experiments with different types of pool fires.

Tests have been performed to study the influence of a layer of railway mac-
adam on the HRR of a burning liquid spill [48]. The test shows that the presence 
of the macadam has a significant decreasing effect on the burning rate for the two 
fuels tested: heptane and diesel. The influence increases with the distance from the 
fuel surface to the upper layer of the macadam. This is discussed in more detail in 
Chap. 11 on fire spread.

4.2.1.6  Construction Vehicles

Vehicles used in the construction of tunnels are also presented here. Hansen and 
Ingason [49] presented large-scale tests of vehicles common in the mining industry. 
The tests were carried out in an underground mine in Sweden in 2011. The aim 
of the full-scale fire experiments was to determine the HRR because information 
was unavailable in the literature. This information is vital for fire safety engineers 
working in underground mines and tunnel construction sites. Two full-scale fire 
tests were carried out, one with a wheel loader and one with a drilling rig. Each of 
these vehicles had been in service for several years. The HRR results from the two 
vehicles tested are shown in Fig. 4.8.

The wheel loader was a Toro 501 DL and was diesel powered. The wheel loader 
was used for hauling iron ore between the production areas to a vertical shaft, where 
the iron ore was unloaded. The vehicle was 10.3 m long, 2.8 m wide and almost 
3 m high. The total weight was 36 t. The fuel load consisted primarily of the four 
tyres. The tyre specification of 26.5 × 25 L5S implies a tyre with a section width of 
26.5 in. (∼ 0.66 m), a rim diameter of 25 in. (0.625 m) and with smooth extra deep 
tread. The total fire load of the wheel loader combustible components was estimated 
to be 76.2 GJ. The tyres of the wheel loader were filled with water (instead of air) 
due to the risk of tyre explosion during normal operation.
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The drilling rig was an Atlas Copco Rocket Boomer 322, which is an electrically 
driven vehicle commonly used in underground mines. The drilling rig was also 
equipped with a diesel powered engine which is used when moving the drilling rig 
from one site to another. The total length with boom was 12.4 m. The width was 
2.2 m and the total height was about 3 m. The total weight was 18.4 t. The fuel load 
of the drilling rig consisted primarily of four tyres, the hydraulic oil and the hydrau-
lic hoses. The tyre specification of 13.00 × 20 PR 18 implies a tyre with a section 
width of 13 in. (0.325 m) and a rim diameter of 20 in. (0.5 m).The combustible 
components were estimated to be 45.8 GJ.

In both tests, the ignition source consisted of a circular tray (1.1 m) that was 
placed under the fuel tank of each vehicle and located close to at least one tyre. The 
trays were filled with diesel fuel in order to simulate a pool fire caused by leaking 
diesel from the tank.

4.2.1.7  Rubber Tyres

As rubber tyres of large road or construction vehicles give an important contribution 
to the HRR, it is of interest to present some HRR results on rubber tyres.

Ingason and Hammarström [50] reported on a fire test with a front wheel loader 
rubber tyre under a large laboratory calorimeter. The test was carried out by ignit-
ing a pan with gravel and diesel placed under the tyre. The rubber tyre was a Good 
Year with the specification of 26.5R25 Tubeless. The total diameter of the tyre was 
1.75 m and the total width (tread) was 0.67 m. The tread is the part of the tyre which 
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Fig. 4.8  A plot of HRR for a front wheel loader and a drilling machine [49]
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comes in contact with the road surface. The total external and exposed surface area 
of the rubber tyre was estimated to be about 8 m2. The total weight, including the 
wheel rim, was 723 kg. A peak HRR of 3 MW after 90 min was recorded. It was also 
concluded that 86 % of the total heat energy had been released 2.5 h after ignition.

In 1993, the BRE in the UK [51] conducted two large-scale tests on tyres under 
a large calorimeter at the Fire Research Station’s Cardington Laboratory. In the first 
test, the tyres were stacked horizontally and in the second, vertically. In each test, 
a stack of eight tyres was burned and numerous measurements were made, among 
them the HRR. The tyres used were ordinary passenger car tyres without a steel 
rim. The vertical stacking (eight tyres high) produced a far more severe fire than the 
horizontally stacked tyres. The peak HRR was 1300 kW for the vertical stack and 
500 kW for the horizontal stack. The reason for the difference was faster fire spread 
and better flow of air to the center of the tyres when stacked vertically compared to 
the horizontal stacking. In the horizontal case parts of the tyres that burned initially 
were burned out when the fire was terminated.

The Fire Laboratory of SINTEF in Norway presented in 1995 heat release data 
from two tests (A and B) with rubber tyres used for HGVs [52]. A pair of dual load 
bearing wheels was tested under a laboratory calorimeter. The ignition was simu-
lated by heating the wheel rims. An insulated pipe was welded to the wheel rims and 
heated by a gas fire passing through the pipe. The metal wheel rim was heated to a 
temperature that ignited the rubber tyres. This procedure was continued for about 
30 min prior to ignition. The size of the tyres varied, but in test A the tyre specifica-
tion was 285/80 R22.5 and in Test B the tyre specification was 315/80 R22.5. This 
means that in test A the tyre was 285 mm wide with a 228 mm (0.8 × 285) high 
vertical surface and the rim diameter was 22.5 in. (575 mm). The exposed rubber 
area was estimated to be 4.2 m2 for test A and 4.8 m2 for test B (dual tyres) [50]. The 
measured maximum HRR for test A was 878 kW and for test B 964 kW. The time to 
attain the maximum HRR was 29 and 27 min, respectively, from ignition. The fire 
duration was about 60 min in both cases.

In 2005, Lönnermark and Blomqvist [53] carried out tests using ordinary pas-
senger car rubber tyres and the peak HRR was recorded. The aim of the tests was 
to assess the emissions to air and water from a fire in tyres. Each test involved 32 
passenger car tyres without a wheel rim. Two different storage setups were used: 
heaped and piled. Both setups represent common ways to store used tyres. The heap 
storage was more spread out. It had a base of 3 × 3 tyres, with the tyres stacked in 
a certain pattern above. The pile configuration consisted of a base with 2 × 2 tyres 
stacked on each other in a straight vertical pile. This means that there were eight 
tyres in each stack, that is, a total of 32 tyres. In both setups the tyres were placed 
on a steel pan, 2 × 2 m, under a large calorimeter. The tyres varied somewhat in size, 
but tyres that were as similar as possible were used. The maximum HRRs from the 
tests were as follows: heap storage—3.7, 3.6 and 3.7 MW; pile storage—3.6 MW. 
The maximum HRR in the pile storage test occurred 19 min after ignition.
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4.2.2  Railway Rolling Stock

The literature describes very few measurements of HRR for rail and metro vehicles 
(rolling stock). The majority of the tests available are from the EUREKA 499 test 
series [15], but in recent years more test data have been published [54, 55]. In 
Table 4.6, a summary of available tests is given. For more information about each 
large-scale test, read Chap. 3.

The test results presented in Table 4.6 are based on tests with single coaches. The 
peak HRR is found to be in the range of 7–77 MW and the time to reach the peak 
HRR varies from 5–80 min. If the fire were to spread between the train coaches, the 
total HRR and the time to peak HRR would be much higher than the values given 
here although one cannot simply add the HRR for each coach to obtain an estimate 
of the total HRR because the first coach would not necessarily reach the peak HRR 
at the same time as the later ones. The EUREKA 499 tests show that there are many 
parameters that will affect the fire development in a train coach. These include the 
body type (steel, aluminum, etc.), the quality of the glazed windows, the size and 
geometry of the openings, the amount and type of combustible interior material and 
its initial moisture content, the construction of wagon joints, the air velocity within 
the tunnel and the geometry of the tunnel cross-section. These are all parameters 
which need to be considered in the design process of a rail or metro tunnel. A very 
important factor for the development of the fire is the quality and mounting of the 
windows. As long as the windows do not break or fall out (and there are no other 
large openings), the fire will develop slowly. On the other hand, if the windows 
break the fire can spread and intensify very quickly. In Fig. 4.9 time-resolved HRR 
curves are given for some of the tests presented in Table 4.6. For comparison, the 
t-squared ultrafast fire growth curve [18] is also included.

4.3  Parameters Influencing the HRR

The HRR can be affected by many parameters. This can be due to heat feedback 
from the tunnel construction, the ventilation conditions inside the tunnel and the 
geometry of the fuel. In the following text, a summary of these effects are presented.

4.3.1  Heat Feedback

When a vehicle fire occurs in a tunnel it communicates with its surrounding surface 
boundaries, hot smoky gases, and the surrounding flames through electromagnetic 
waves (radiation, see Chap. 10). The consequence will be a transient temperature 
increase of the tunnel structure surfaces. Depending on the type of lining or surface 
(rock, concrete, boards, etc.), the surface temperature will increase at different rates. 
The initial temperature of the surrounding surface can be very low, on the order of 
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5–10 ℃ for rock or concrete tunnels. In the vicinity of the fire, the flames radiate 
back toward the fuel surface, as well as outward to the surrounding surfaces and hot 
smoky gases. Depending on the ventilation conditions, a hot smoke layer is created 
above or downstream of the fire. This hot smoke layer interacts through radiation 
with the fuel source as well as the tunnel surfaces through convection and radiation. 
The outward radiated heat from the burning vehicle is partly reflected back from the 
tunnel surfaces and is partly absorbed, which will increase the surface temperature. 
Locally, above the fire, there is also a higher degree of exchange of convective heat 
to the tunnel surfaces. Gradually, the surrounding tunnel surfaces are heated up and 
the temperature rises continuously. At some point the surrounding surface become 
an important source of external radiation toward the burning fuel surface, especially 
in very large fires. This does not necessarily mean that the incident radiation toward 

Type of vehicle, test series, test nr, 
u = longitudinal ventilation m/s

Calorific 
content(GJ)

Peak 
HRR(MW)

Time to peak 
HRR (min)

Reference

Rail
A joined railway car; two half 
cars, one of aluminium and one 
of steel, EUREKA 499, test 11, 
u = 6–8/3–4 m/s

55 43 53 [12]

German IntercityExpress railway 
car (ICE), EUREKA 499, test 12, 
u = 0.5 m/s

63 19 80 [14]

German Intercity passenger rail-
way car (IC), EUREKA 499, test 
13, u = 0.5 m/s

77 13 25 [14]

British Rail 415, passenger railway 
cara

NA 16 NA [56]

British Rail Sprinter, passenger 
railway car, fire retardant uphol-
stered seatingsa

NA 7 NA [56]

Intercity train car (u = 2.4 m/s) 
37 m long tunnel Carleton labora-
tory facility

50 32 18 [55]

Metro
German subway car, EUREKA 
499, u = 0.5 m/s

41 35 5 [14]

METRO test 2 (u = 2–2.5 m/s) 64 76.7 12.7 [54]
METRO test 3 (u = 2–2.5 m/s) 71 77.4 117.9 [54]
Subway car (u = 2.4 m/s)37 m 
long enclosure Carleton laboratory 
facility

23 52.5 9 [55]

a The test report is confidential and no information is available on test setup, test procedure, 
measurement techniques, ventilation, etc.

Table 4.6  Large-scale experimental data on rolling stock [9]
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the fuel surface is increasing continuously. The ceiling surface is usually covered 
by flames or black smoke, and therefore, a limited exchange of radiation with the 
fuel surface is obtained, and thereby the effects on the burning rate are indirect. 
The radiation from the ceiling surface is absorbed by the hot smoke gases and the 
flame volume, however, the side walls may have more direct interaction with the 
fuel surface. The extension of this interaction is dominated by view factors and the 
shielding effects within the fuel.

The HRR per square metre of a given fuel surface is given by the heat balance 
equation:

 (4.2)

where ′′q is the HRR per unit surface area (kW/m2) of the fuel or vehicle, ′′q f  is the 
radiation from the flame volume toward the surface (kW/m2), ′′qg  is the radiation 
from the hot smoke gases in the vicinity of the fire (kW/m2), ′′qw

 is the radiation 
from the surrounding walls and ceiling (kW/m2) and ′′qrr

 is the reradiation from the 
fuel surface (kW/m2). In Fig. 4.10, the parameters in Eq. (4.2) are shown in a side 
perspective. ′′qg can be written as 4

e g gF Tε σ  where Tg is the characteristic tempera-
ture of the smoke layer and 4

w w w wq F Tε σ=′′  where Tw the surface temperature of the 
surrounding tunnel structure (K). The view factor F can vary as well as the emis-
sivity ε for the gas (index g) and the surface (index w). σ is the Stefan–Boltzmann 
constant 5.67 × 10−11 kW/(K4 m2).

The importance of each temperature term can vary spatially. In most cases it is 
dominated by Tg, but sometimes by Tw, especially if the side walls become warm. 
The surface temperature rise of the walls is time dependent, and varies for  different 
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materials. For example if a rock tunnel wall is suddenly exposed to 1000 ℃, it will 
take about 6 min for the surface temperature to reach 80 % of the exposed gas tem-
perature, and 20 min to reach 90 %. The corresponding numbers for concrete are 
2 and 7 min, respectively, and 0.2 and 0.6 min for tunnels insulated with silicate 
boards. This means that the interaction of the wall temperatures to influence the 
mass burning rate of the fuel is not important in the early stages of the fire.

The flame volume above the fuel surface transfers radiation and convection ′′q f

to the burning surface. The flame volume and the gas temperature of the hot smoke 
above the fire becomes the dominating external source of radiation toward the fuel 
surface. The interactions with the fuel surface are governed by the 3D shape of the 
flame and gas volumes and its temperatures. The temperature in the zones above 
most open diffusion flames are often in the range of 800–900 ℃ rather than the 
1200–1360 ℃ temperature range measured in tunnel fires. As radiation is absorbed 
by the flame volume and black smoke, the dominating radiation incident on the fuel 
surface is usually governed by conditions closer to the fuel surface. At the same time, 

′′qrr
is the reradiation loss (note the minus sign) at the fuel surface. It can be written 

as 4
rr sq T=′′ εσ  where Lg is the surface temperature of the fuel (here we assume igni-

tion temperature) in Kelvin. In most cases, the view factor needs to be considered, 
but sometimes a value of one can be assumed in order to make a rough estimate.

In Eq. (4.2), ∆Hc eff, is the heat of combustion (kJ/kg) and Lg is the heat of gasifi-
cation of the burning material (kJ/kg).

The ′′q f varies from 22–77 kW/m2 for large-scale flame heat fluxes [57]. For 
example assuming an 800 ℃ gas temperature corresponds to 75 kW/m2, which cor-
relate well the higher value of 77 kW/m2. Babrauskas [58] show that for wood 
the heat flux can vary considerably depending on the exposure time. A value of 

′′q f  = 25 kW/m2 seems reasonable for wood. Here it assumed that the flame volume 
behaves as an open fire, that is, the flame volume is in the vertical direction and 
does not deflect horizontally.

Example 4.2 What is ′′q for wood pallets assuming that ′′q f  = 25 kW/m2, Tg = 100 ℃ 
and Tw = 10 ℃? Assume that F and ε are equal to one.

Solution: The following tabulated data [57] can be assumed for wood: Lg  = 1.8 × 103 kJ/
kg and ∆Hc eff,  = 13× 103 kJ/kg. In the case when the pallets are burning withTs

 = Tign  
(an ignition temperature of 300 ℃ for wood is a reasonable lower value for piloted 
ignition [58]), ′′qrr

 = 5.67 × 10−11 × (300 + 273)4 = 6 kW/m2, ′′qg  = 5.67 × 10−11 × (1
00 + 273)4 = 1.1 kW/m2, and ′′qw

 = 5.67 × 10−11 × (10 + 273)4 = 0.4 kW/m2. The HRR 

Fig. 4.10  An illustration of the terms used in Eq. (4.2)
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per unit fuel surface area will be ′′q  = (25 + 1.1 + 0.4 − 6) × 13/1.8 = 148 kW/m2 
in  accordance to Eq. (4.2). Tewarson [57] reported that ′′qrr

is equal to 10 kW/m2 
for Douglas fir (wood). Using Tewarson’s ′′qrr

value would lower the ′′q to 119 kW/m2.
This example shows that the increase in ′′q due to the gas or wall temperature is 

marginal in relation to many other parameters, especially the flame radiation ′′q f and 
the ratio of ΔHc, eff   /Lg for fires in the early stages.

For a large fire scenario the flame volume will deflect at the ceiling and en-
hance the radiation from the deflected flame volume toward the fuel surface, see 
Fig. 4.11. The gas temperature will also be much higher. As mentioned earlier, the 
hot smoke and gases also radiate to the fuel surface. Simultaneously, the interaction 
of radiation is hampered by absorption and scattering in the flame volume and the 
hot smoke between the surfaces. The total heat balance and exchange are difficult 
to determine exactly, but Eq. (4.2) shows the most important parameters that are 
active in the process. The ′′q  will most likely increase but at the same time there 
will be an attenuation of the radiation from the smoke (excluding the ceiling flame 
volume) and the tunnel walls. It is not certain that the ′′q will increase substantially 
even if the fire size increases as more fuel becomes involved and the large vertical 
flame volume and smoke could significantly hinder the radiation from the ceiling 
flame.

Although Eq. (4.2) is a simple relation, it shows the influence of the ceiling 
smoke layer and tunnel walls on the burning rate of the fuels burning inside a tun-
nel. This influence is perhaps not as large as one would expect, at least not during 
the important fire growth period that usually occurs within 10–20 min. There are 
other governing parameters, such as material properties, ventilation type and con-
ditions, fuel geometry and tunnel height (deflection of flames) that are important. 
Also, one should bear in mind that this example assumes a line of sight between the 
fuel surface and the smoke layer surrounded by the tunnel surfaces, but in reality 
most fuels are geometrically complex. Most of the burning fuel surfaces do not have 
line of sight with the smoke layer and tunnel structure, but are hidden inside the fuel 
bed, or in vehicles. Also, note that the characteristic gas temperature further away is 
lower. The values of ′′q using Eq. (4.2) in the above analysis are probably conserva-
tive. In summary, the dominating parameter is the flame radiation and where radia-
tion from gases and walls plays a less important role initially, but will contribute 
later in the fire development, although not nearly as much as the flame radiation. 
More information about the calculation of heat flux can be found in Chap. 10.

Fig. 4.11  Illustration of a large tunnel fire in which the flame deflects horizontally at the ceiling
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4.3.2  Effects of Tunnel Geometry

The effect of tunnel geometry on the HRR is an interesting research field. Carvel 
et al. [59] compared the increase of HRR due to tunnel geometry to similar situa-
tions in ambient outdoor conditions. A number of different experimental test series 
published in the literature were studied. The work included experiments involving 
liquid pools, wood cribs, and cars. The authors came to the conclusion that the 
width of the tunnel has a significant influence on the HRR from a fire in a tunnel. 
The results were explained by the surrounding wall and hot gas radiation to the pool 
surface, the temperature inside the tunnel, and the flow pattern near the fire. The 
analysis indicated that the height of the tunnel did not significantly affect the HRR 
enhancement.

Lönnermark and Ingason [60, 61] investigated the effect of geometry on the 
HRR using model scale tests and found that the dependency of the mass loss rate 
(MLR) and the HRR on the tunnel dimensions differ, especially for pool fires. Tests 
in a model-scale tunnel (scale 1:20) were performed to study the effect of the height 
and width of a tunnel on the MLR and the HRR. The tunnel was 10 m long. The 
widths used were 0.3, 0.45, and 0.6 m and the height was varied between 0.25 and 
0.4 m. Two different types of fuels were used: pools of heptane and wood cribs. 
From the results it is clear that the dependency of the MLR and the HRR on the tun-
nel dimensions are different from each other, especially for pool fires. The results 
also indicate that the influence of tunnel dimensions is not only a radiation effect, 
as often assumed, but is probably a combination of radiation from surfaces and 
hot gases, influence of air flow patterns, the shape and position of the flame and 
combustion zone, and temperature distribution. The analysis shows that as several 
factors and processes are interacting, it is important to know the starting conditions 
to be able to predict the effect of a change in a specific parameter. In these tests 
the tunnel height was found to be the most important parameter influencing the 
enhanced HRR.

4.3.3  Effects of Ventilation on Peak HRR

The effect of longitudinal ventilation on the fire development of HGV fires has been 
of great interest among researchers and engineers for a long time. The use of critical 
velocity in the design of ventilation systems is one of the main reasons. When blow-
ing high velocity air onto a fire, one should ask what the consequences on the HRR 
are. The interaction between the ventilation flow and the HRR has been thoroughly 
investigated by Carvel et al. [62–64]. In this chapter we will focus on the effects of 
ventilation on the peak HRR. In Chap. 5, the focus will be on fire growth.

The work carried out by Carvel’s team at the Herriot–Watt University in Edin-
burgh was probabilistic in nature. The basis was that a Bayesian probabilistic ap-
proach was used to refine estimates made by a panel of experts and was combined 
with data from experimental fire tests in tunnels. The drawback of their work was 
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that their conclusions were based on rather limited experimental data and not on 
any physical experimental justifications. Fortunately, there has been new and more 
systematic research conducted in later studies with more consistent data [65–68].

In Carvel’s studies it is stated that the size of HGV fires will be greatly increased 
by forced longitudinal ventilation. At a ventilation flow of 3 m/s such a fire will 
probably be four or five times larger than if natural ventilation was used. At 10 m/s 
the fire will probably be ten times larger. In their studies they used both wood crib 
tests, ordinary solid fuels, and vehicles. Neither the test results presented here nor 
estimates of HRR increases in vehicle fires show such a high increase as indicated 
by Carvel et al. The data on HRR per unit fuel surface area for vehicles presented 
earlier in this chapter cannot support the claim of a factor 4 to 10 increase for HGVs. 
These HRR values cannot physically be much larger than those obtained by Ingason 
and Li [66]. That is, the increase in peak HRR from ambient conditions is on the 
order of 1.4–1.55 for the ventilation rates tested (1.6–4.3 m/s in large scale) or by 
Lönnermark and Ingason [65] who showed that the increase in the peak HRR was 
in the range of 1.3–1.7 times the value measured outside the tunnel under ambient 
conditions. The only possible explanation for why Carvel et al. exhibited such a 
high increase in the peak HRR is due to the way the fuel was compared. Fuel that 
was ventilation controlled during ambient or natural ventilated conditions has prob-
ably been used in the comparison. If a fuel has a low porosity factor P, see defini-
tion in Sect. 4.3.4, the increase as presented by Carvel et al. can be easily obtained, 
which has been shown in Harmathy’s work[69]. Harmathy had concluded that the 
heat released by the oxidation of the char plays an important role in the process 
of pyrolysis and thereby affects the HRR. Noncharring fuels (synthetic polymers) 
do not exhibit this influence on the HRR. This explains the increase in HRR due 
to ventilation obtained by Ingason and Li [66] who used charring material (wood 
cribs) in their model scale tests. This is crucial for our understanding of the effects 
of the ventilation rate on HRRs in tunnel fires.

The effects of ventilation on pool fires vary in the literature. Some show very 
little change in the mass burning rate and others show large effects. The trend in 
the experiments found in the literature is that these effects are larger for smaller 
pool fires as they are dominated by convective heat transfer from the flame volume, 
whereas larger pools are dominated by radiation heat flux from the flames. There-
fore, the larger pool fires are less affected by the velocity.

Carvel et al. reported that the enhancing effect of ventilation for small pool fires 
is much less significant than that for HGV fires, while it increased by 50 % for large 
pool fires.

Ingason [70, 71] performed pool fire tests in a model-scale tunnel, using heptane, 
methanol, and xylene as fuels. For heptane, the maximum increase of the burning 
rate due to the tunnel was by a factor of 3.3 (0.13 kg/(m2 s)) (u = 1 m/s) compared 
to 0.04 kg/(m2 s) (free burn). Saito et al. [72] showed that the MLR for liquid fires 
increased in a tunnel compared to free burning conditions. The tests were performed 
with pool fires of methanol (0.1, 0.15, 0.2, and 0.25 m in diameter) and heptane 
(0.15 m in diameter). For the two smallest pools the effect of the tunnel (with an 
air velocity 0.08 m/s) on the MLR of methanol was only a few percent, while for 
the 0.25 m diameter pool the MLR in the tunnel was increased by a factor of 2.7 
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compared to freeburning conditions. For heptane, the tunnel (with an air velocity 
of 0.43 m/s) increased the MLR by approximately a factor of 4. For both fuels, the 
MLR was significantly decreased with increasing air velocity. This illustrates the 
importance of not only the ventilation and the tunnel cross-section but also the ef-
fects of the heat feedback from the flames, hot gases, and tunnel structure on the 
MLR.

Lönnermark and Ingason [61] performed a test series in a model-scale tunnel 
(1:20) and studied the effect of the width and the height of a tunnel on the MLR and 
HRR. They showed that the dependence of the MLR and the HRR on the tunnel 
dimensions are different from each other and that the effect of the height and the 
width of the tunnel on the MLR and HRR depends on the starting conditions. Here 
ventilation is an important factor.

Takeda and Akita studied the effects of tunnel conditions on fires and have also 
showed that the MLR and HRR are related to the ventilation factor [73]. They 
showed that the enhancement of the burning rate was associated with the dynamic 
balance between the rate of air supply and fuel gas supply.

Since, HGVs play such an important role for the outcome of fires in road tunnels 
[74], understanding the effect of the tunnel itself and of the air velocity inside the 
tunnel is important. One of the main problems when studying the effect of venti-
lation using different test series is that the conditions (tunnel dimension, starting 
ventilation conditions, etc.) vary between the test series. It is important to realise 
that several parameters affect the shape of the heat release curve, for example, the 
type of fuel used to represent the scenario, the air velocity inside the tunnel, and the 
tunnel geometry.

4.3.4  Fuel-Controlled Fires

According to Croce and Xin’s experimental study of wood crib fires [75], the po-
rosity of a wood crib is very important to determine if the wood crib is fuel con-
trolled (well-ventilated) or ventilation controlled (under-ventilated). The porosity of 
a wood crib, P, is defined as:

 (4.3)

where Av is the total cross-sectional area of vertical crib shafts (m2), As is the ex-
posed surface area of the wood crib (m2), s is the surface-to-surface spacing be-
tween adjacent sticks in a layer (m), and b is the stick thickness(with the same width 
and height) (m).

The porosity of a wood crib with the length L, the width l, and with a square 
cross-section of the sticks with the side b (see Fig. 4.12) can be defined as [60]:

 (4.4)
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where Av is the total cross-sectional area of the vertical crib shafts

 (4.5)

and As is the total exposed surface area of the crib (based on the assumption that 
bottom and the top layers are with long sticks)

 (4.6)

In the equation nl, nL, Nl, and NL are the number of sticks in a layer with short sticks, 
the number of sticks in a layer with long sticks, the number of layers with short 
sticks, and the number of layers with long sticks, respectively. The parameter B is 
included to represent the area of the bottom of the wood crib that is not exposed. In 
the calculation of the porosity according to Eq. (4.4), the parameter sH is included. 
This parameter corresponds to the hydraulic diameter of the rectangular space de-
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Equation (4.3) is used to calculate the porosity factor P (m) for square wood cribs 
used in research and Eq. (4.4) for long wood cribs in tunnel fire research.

The HRR increases rapidly with increasing porosity but this dependency weak-
ens when the porosity is greater than 0.7 mm. In principal, this means that the HRR 
becomes a constant value as the cribs become more scattered.

For a solid fuel such as wood, the HRR is dependent on the net heat gained on 
the surfaces of the solid. This means that the total surface area is a very important 
parameter for combustion of solid fuels as the fire size becomes a multiplicand of 
the HRR per unit fuel surface area. Figure 4.13 shows the HRR per unit fuel surface 

( )( )v l LA L n b l n b= − −

A b n N l n N L b n N n N n n N Bs l l L L l l L L l L L= + + + − −4 2 2( ) ( )

Fig. 4.12  Drawing of a wood crib and definition of different lengths [60]
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area plotted against the ventilation velocity. It shows that the HRR per unit fuel 
surface area is a weak function of the ventilation velocity at best. The reason is that 
the fire is fuel-controlled[66]. An upper limit of the fuel MLR per unit fuel surface 
area presented by Tewarsonand Pion [76] for wood (Douglas fir) is 0.013 kg/(m2 s), 
which correlates well with the experimental data given by Ingason and Li [66]. 
Based on data from model tunnel fire tests and from free burning tests(a test carried 
out without any boundary influences) they found that the fuel MLR per unit fuel 
surface area in a tunnel fire test is in a range of 1.4–1.55 times the value measured 
in a free burning test. If the value given by Tewarson and Pion is converted to HRR 
per fuel surface area of the wood cribs tested the ′′q  corresponds to about 200 kW/
m2. This is shown as horizontal solid line in Fig. 4.13.

4.3.5  Ventilation-Controlled Fires

Ingason and Li [68] carried out model scale tests which could explain the region 
where a fire changes from fuel controlled to ventilation controlled. In the mod-
el scale tests conducted, the porosity P of the wood crib was chosen as 1.24 mm 
(>> 0.7 mm)to minimize the effect of porosity on the HRR. This means that the 
wood crib should not show any type of ventilation control tendency during the tests.

The effect of the tunnel geometry and fire source was not investigated systemati-
cally in the study although data from two series of tests in model tunnels of different 
aspect ratios were used. The focus was on the analysis of the relationship between 
the HRR and ventilation velocity in the vicinity of the wood crib fuel.

Fig. 4.13  The peak HRR per unit fuel surface area as a function of ventilation velocity [66]
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Figure 4.14shows the fuel mass loss rate per unit area fuel surface against the 
ventilation velocity across the fire source. The stoichiometric fuel mass loss rate 
per unit fuel surface area is also given in Fig. 4.14. According to the principles of 
oxygen consumption, the stoichiometric fuel mass loss rate per fuel surface area, 
mf stoi, (kg/(m2 s)), can be expressed as:

 (4.7)

where A is the tunnel cross-sectional area (m2), As is the fuel surface area(m2) and 
uo is the tunnel longitudinal velocity (m/s).

It is shown in Fig. 4.14 that for a longitudinal ventilation velocity less than 
0.35 m/s the fuel MLR per unit fuel surface area increases with the ventilation 
velocity and follows the stoichiometric line. This indicates that the fire under these 
conditions is ventilation controlled. However, when the ventilation velocity rises 
above 0.35 m/s (1.6 m/s in large-scale) the fire is no longer sensitive to the ventila-
tion velocity. This indicates that the fire becomes fuel-controlled. The upper limit of 
the fuel MLR per unit fuel surface area was about 0.013 kg/(m2 s).It is also shown in 
Fig. 4.14 that within a range of 0.35–0.9 m/s, the fuel MLR per unit fuel surface area 
tends to be a weak function of velocity. However, it can be expected that the fuel 
MLR per unit fuel surface area will begin to decrease when the ventilation velocity 
is greater than a certain value due to the cooling effect of the ventilation. Comparing 
the data in tunnel fire tests and that in a free burning test shows that the ratio of fuel 
MLR per unit fuel surface area in a tunnel fire to that in a free burning test is about 
1.5 in the constant region (fuel controlled), and that it can be less than 1 if the tunnel 
is ventilation controlled or influenced by vitiation as described in Chap. 2.
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Fig. 4.14  The maximum fuel MLR per unit fuel surface area as a function of the ventilation veloc-
ity (single wood crib) [68]
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The above analysis is based on the fuel MLR of a single wood crib. In some tests, 
several wood cribs were burnt together and the total HRR was measured using the 
oxygen calorimetry technique rather than measuring the MLR.

Figure 4.15 shows the peak HRR per unit fuel surface area as a function of the 
ventilation velocity. The stoichiometric HRR per fuel surface area is plotted as a 
sloped solid line. For a fire with several wood cribs, the total fuel surface area was 
used. According to the principles of oxygen consumption, the stoichiometric HRR 
per fuel surface area,  ′′Qstoi

 (kW/m2), can be expressed as:

 
(4.8)

The same trend is shown in Fig. 4.15 as in Fig. 4.14, although the data does not 
correlate as well. The reason is that in a test with several wood cribs, all surfaces of 
these wood cribs did not burn simultaneously. When the peak HRR occurred, part 
of the first wood crib had already started to decay. As a consequence, the peak HRR 
divided by the total fuel surface area is slightly lower for the case with several wood 
cribs compared to a single crib.

4.4  HRR per Exposed Fuel Surface Area

Ingason [6] has emphasized the importance of using and reporting HRR data given 
as MW/m2 or kW/m2 exposed fuel surface, or ′′q . The main reason is the enormous 
variation in HRR data for each type of vehicle that uses transport tunnels or other 
underground spaces. By estimating the exposed fuel area of a vehicle it is possible 
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Fig. 4.15  The peak HRR per unit fuel surface area vs. ventilation velocity [68]
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to get a very good estimate of the peak HRR. Exposed fuel surface is defined here 
as the area where combustion/pyrolysis can possibly occur, that is, a fuel surface 
that is exposed to high incident heat radiation with enough oxygen to maintain 
combustion. For a box, the exposed fuel surface area is the sum of the outer sur-
faces, and not what is inside the box, whereas a seat can burn on all sides. A pile of 
wood pallets can burn on the surfaces that are exposed to air but when the pile falls 
down, the exposed surface area may increase rapidly and the peak HRR increases 
correspondingly.

Information can also be obtained by doing fire tests of only small portions of the 
cargo or the vehicle. This was done prior to the Runehamar tests in 2003 where, 
based on information from preliminary laboratory tests, the peak HRRs could be 
predicted with acceptable accuracy for three of the test commodities [11]. A sum-
mary of this data is given in references [6] and [9].

The ratio ΔHc, eff/Lg has been given the name “Heat Release Parameter” (HRP) 
by Tewarson [57]. In order to explore the importance of the different parameters in 
Eq. (4.2) we can look at the range of values given by Tewarson[57], see Table 4.7.

Table 4.7 clearly shows the importance of the HRP to predict values of ′′q  for dif-
ferent materials. The other parameters are also important, especially the total flame 
heat flux ′′q f  and the reradiation ′′qrr

which is related to the ignition temperature.
The values presented in Table 4.7 appear to have some correlation to the values 

presented by Ingason [6]. As is shown in Table 4.8 in Sect. 4.4.2, for different solid 
materials, ′′q ranges from 70 kW/m2 for wood cribs to 500 kW/m2 for furniture 
having a mixture of polyurethane foam, wood and plastics. For liquid fires the ′′q
are in the same range as found in Table 4.7, see Sect. 4.4.1. The values of calculated 
HRR per fuel surface area for wood provided by Tewarson correspond well to those 
found in Table 4.8 for wood pallets, where ′′q  was found to vary between 110 and 
160 kW/m2, see Sect. 4.4.2.

Table 4.7  The HRR parameters for different materials in Eq. (4.2) [57]
Type of 
material

′′qrr
(kW/m2) Lg (kJ/g) ∆Hc eff, (kJ/g) ′′q f (kW/m2) ′′q (kW/m2) HRP

Hexane 0.63 0.55 42.2 37 2791 77
Heptane 0.98 0.6 41 37 2461 68
Kerosene 1 0.85 40.3 29 1316 47
Polyethylene 15 2 38.4 61 883 19
Polystyrene 11.5 1.6 27 75 1072 17
Polyurethane 
(flexible)

17.5 1.95 17.8 70 479 9

Polyurethane 
(rigid)

18 3.25 16.4 51 167 5

PVC 10 1.7 5.7 50 134 3
Corrugated 
paper

10 2.2 13.2 25 90 6

Wood 10 1.8 13 25 108 7
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4.4.1  Liquids

In Table 4.5, a summary of HRRs of all liquid pool fire tests and other relevant tests 
was shown, comparisons to Eq. (4.1) were also included. The comparison shows a 
good correspondence wherever the effects of ventilation were not dominant.

In Table 4.7, ′′q values for heptane and kerosene are presented. The values are 
2.46 MW/m2 for heptane and 1.32 MW/m2 for kerosene, respectively. These values 
correspond well to fires reported or calculated using Eq. (4.2) having an area of 
about 0.4 m2.

The variation in test results is considerable and it is difficult to assume one value 
for each type of liquid fuel. Parameters that influence the burning rate for each fuel 
type are the fuel pan geometry, the fuel depth, the ventilation conditions, and the 
tunnel geometry. In cases where the tunnel cross-section is large and the width of 
the pan is much smaller than the width of the tunnel, the influence of longitudinal 
ventilation on the burning rate appears to be small. If the fuel bed has about the 
same width as the tunnel the fire size is reduced. These effects increase as the length 
of the pan increases.

Table 4.8  Summary of HRR per fuel surface area for solid materials applied in large-scale tunnel 
fire tests [6, 9]
Type of fuel Test series Estimated fuel surface 

area (m2)
HRR per square 
metre fuel surface 
area at maximum 
(MW/m2)

Wood cribs EUREKA (test 8, 9, 
and 10)

140 0.07–0.09

Wood pallets 2nd Benelux (tests 8, 
9, 10, and 14)

120 (36 pallets)
240 (72 pallets)

0.11–0.16

82 % wood pallets 
and 18 % PE pallets

Runehamar (test 1) 1200 0.17

82 % wood pal-
lets and 18 % PUR 
matrasses

Runehamar (test 2) 630 0.25

81 % wood pallets 
and cartons and 19 % 
plastic cups

Runehamar (test 4) 160 0.44

HGV-furniture Runehamar (test 3) 240 0.5
HGV-furniture EUREKA (test 21) 300 0.4
Runehamar 2013 Runehamar 2013 1470 0.06
Singapore 2012 80 % 
wood pallets and 
20 % PE pallets

Singapore 2012 910 0.17

Rubber tyres Diverse 0.11–0.21
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4.4.2  Solid Materials

In many of the large-scale tests presented in Chap. 3, solid materials such as pallets, 
cartons, or wood cribs have been used. It is of interest to compare the peak HRR 
per unit fuel surface area in order to see if these values are comparable between the 
tests series. This type of information could be used when estimating the peak HRR 
from HGV trailers with a tarpaulin as cargo coverage. In Table 4.8 a summary of the 
HRR per unit fuel surface area is given for tests that included solid materials based 
on the data presented in this chapter and in Chap. 3.

Tests that included solid wood cribs or pallets are found in the TUB-VTT tests, 
the EUREKA test series, and the 2nd Benelux tests. In the Runehamar tests wood 
pallets (about 82 % of the total mass) were integrated with other types of solid ma-
terials such as plastics (18 % of the total mass), cartons and,furniture and fixtures.

In the 2nd Benelux tests with wood pallets the HRR per unit fuel surface area 
varied between 0.11–0.16 MW/m2 with an average value of 0.13 MW/m2.This val-
ue tended to increase with increased ventilation rate. The fuel itself was not densely 
packed and thus could be regarded as fuel surface controlled. For wood cribs the 
opposite fire condition would be crib porosity controlled or ventilation controlled. 
In the EUREKA tests using a simulated truck load the wood sticks were so densely 
packed that the fire became crib porosity controlled (ventilation controlled) under 
normal conditions. This means that the peak HRR became lower than if it was fuel 
surface controlled. In the simulated truck load fire test, the HRR per unit fuel sur-
face area was estimated to be in the order 0.04 MW/m2. In the wood crib tests in the 
EUREKA test series the HRR varied between 0.07–0.09 MW/m2 depending on the 
longitudinal velocity. It was not possible to establish with any certainty whether the 
wood cribs were fuel surface or crib porosity controlled. In the Runehamar tests in 
2013, 441 pallets were used with a peak HRR of 79 MW in one of the tests, which 
was a free burn test, that is, no water spray was used. The fuel surface area of the 
pallets was estimated to be 3.3 m2 and the peak HRR per unit fuel surface area was 
0.06 MW/m2, which is slightly less than the results from other tests. In the Singa-
pore tests in 2012, 80 % of the fuel was wood pallets and 20 % was polyethylene 
pallets. The HRR per unit fuel surface was then 0.17 MW/m2, assuming the surface 
area of the pallets to be 3.3 m2. This is exactly the same value as obtained in the 
Runehamar test number 1 in 2003.

In the HGV test in the EUREKA 499 test series using furniture the HRR per 
unit fuel surface area was estimated to be approximately 0.4 MW/m2. The total fuel 
surface of the furniture commodity was estimated to be about 300 m2 and the peak 
HRR was120 MW.

The HRR per unit fuel surface area in the Runehamar tests was estimated to be 
about 0.17 MW/m2 for test 1 with wood and plastic pallets, 0.25 MW/m2 for test 2 
with wood pallets and mattresses, 0.5 MW/m2 for test 3 with furniture and fixtures 
and 0.44 MW/m2 for test 4 with plastic cups in cartons.

In the large-scale tests presented here, the peak HRR for solid materials ranges 
from 0.07 to about 0.5 MW/m2. An interesting observation is that the furniture tests 



1274.4  HRR per Exposed Fuel Surface Area 

in the EUREKA 499 and Runehamar test series appear to be in the same order of 
magnitude. The reason is that both tests were performed under good ventilation 
conditions and that the fuel surface area was similar. The fuel surface area was 
estimated to be roughly 300 m2 in the EUREKA 499 test and about 240 m2 in the 
Runehamar test 2003. With this type of information it would be easy to estimate the 
peak HRR for a given type of fuel in a HGV fire.

For rubber tyres it is possible to estimate the HRR based on information given 
earlier in this chapter. Rough estimation indicates that the peak HRR for rubber 
tyres per exposed surface area is in the range of 0.11–0.21 MW/m2. This informa-
tion can be used to estimate the peak HRR for a certain size of a rubber tyre. One 
should also keep in mind that there is an important difference between the SINTEF 
test and the other tests, namely the presence of the rim in the SINTEF tests and the 
way the passenger car tyres were piled up, which may influence the estimation of 
the exposed fuel surface area. If the SINTEF tests are removed then the range of 
HRRs for rubber tyres per exposed external area is 0.11–0.15 MW/m2.

Ingason and Hammarström [50] estimated the area when the tyre reached the 
first clear peak HRR to be 5.9 m2. They argued that if they subtract the contribu-
tion from the diesel fire which was about 1.1 MW, they would have approximately 
1.3 MW from the tyre. This means that the HRR per unit fuel surface area at this 
time was 0.20 MW/m2. This is in line with the results obtained from other studies 
mentioned earlier. In this test, after the first HRR peak, the fire intensity decreased 
and the next abrupt increase occurred after about 70 min, when both sides of the tyre 
were fully involved in the fire and gases were coming from the inside of the tyre. 
The total exposed exterior fuel surface area of the tyre was about 8 m2, meaning that 
the HRR per unit fuel surface area was about 0.25 MW/m2.

4.4.3  Vehicle Fires

Vehicle fires can be either fuel controlled or ventilation controlled, depending on 
the fuels and openings available. According to Li et al’s work [77], for a ventilation 
controlled vehicle fire, the openings available, including both the initial openings 
and those created during the fire, dictate the level of the peak HRR. The peak HRR 
in these tests can be estimated based on full consumption of the oxygen flowing in 
through the openings multiplied by a correction factor, which depends on the heat 
absorbed by the fuel surfaces and the fuels available. The heat absorbed by the sur-
faces is directly proportional to the heat of combustion and inversely proportional 
to the heat of pyrolysis. In addition, the fraction of the fuel surfaces exposed to the 
fire also has a strong influence on the peak HRR. In contrast, for a fuel-controlled 
vehicle fire, the peak HRR can be simply estimated by superposition.

In the following text a summary of the peak HRRs for different types of vehicles 
is given for the large-scale tests presented here. The data is presented in Table 4.8 as 
HRR per unit fuel surface area. It is only possible to present the cases where the fire 
was probably not ventilation controlled at peak conditions. In many of the vehicle 
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fires the enclosure structure of the vehicle (body) was burned off (For example, 
bodies made of aluminium, plastic, composite materials, etc.) allowing oxygen to 
become entrained in the fire plume. In some cases the enclosure was kept intact 
but the windows were large enough to preserve a fuel-controlled fire. However, in 
some of the tests the opening area of the windows controlled the HRR. In tests 12 
and 13 with train wagons in the EUREKA 499 test series the fire developed very 
slowly due to the windows. The fire became ventilation-controlled and spread along 
the train wagon (steel body) at the same speed as the windows cracked due to the 
heat. In these tests the information on the fuel surface area is impossible to estimate, 
therefore, they have been excluded from the table.

Fully developed fires in passenger cars with steel bodies can be regarded as fuel 
surface controlled fires due to the large window area in comparison with the fuel 
surface area and the window height. This is not a generic condition as many modern 
cars have windows that do not necessarily break when a fire starts inside the car. 
The ventilation factor [78] for medium sized passenger cars is estimated to be in the 
range of 1.2–1.8, which is considerably higher than the limits for fuel-controlled 
enclosure fires (0.29) with wood cribs [78]. The peak HRR for single passenger 
cars (small and large) vary from 1.5–8 MW, but the majority of the tests show peak 
HRR values less than 5 MW [5]. When two cars are involved in the fire the peak 
HRR varies between 3.5 and 10 MW. The time to reach peak HRR varies between 
10 and 55 min. The fuel surface area of the interior of a medium sized passenger car 
can be estimated to be in the range of 12–18 m2. This includes the floor and ceiling 
area, instrument panel area, door area and the seat area (double sided).This would 
mean that the HRR per unit fuel surface area of a passenger car with a peak HRR of 
5 MW can vary between 0.3–0.4 MW/m2. The only test in a tunnel available is test 
no 20 in the EUREKA 499 test program. The car was a Renault Espace J11 with a 
plastic body. This car developed a peak HRR of 6 MW and the fuel surface area was 
estimated to be about 17 m2, not including the ceiling.

Other vehicles with fuel-controlled fires were the tests 7, 11, 14, and 20 in the 
EUREKA 499 program, see Chap. 3, Sect. 3.3.7. In these tests, the main contribu-
tion is from the floor material and the seats. In tests carried out for different clients 
at SP Fire Research in Borås Sweden it was seen that fires in seats reach a peak 
HRR per unit fuel surface area of between 0.2 and 0.5 MW/m2. This includes both 
bus seats and train seats. In Table 4.9, one can see that the total HRR per unit fuel 
surface area is in line with these values. It ranges between 0.20–0.38 MW/m2. In a 
train there are numerous different materials in the interior of a coach or wagon. This 
material can be anything from textile, rubber, foam padding, PVC, cork, etc. What 
is interesting here is that the HRR per unit fuel surface area in fuel-controlled fires 
in different vehicles falls into a rather narrow range between 0.2 and 0.4 MW/m2. 
This is also in line with the HRR per unit fuel surface area for the solid materials 
presented in Table 4.7. The HRR per unit fuel surface area of the individual materi-
als have a greater variation, both lower and much higher, but it appears that the total 
effect of the mixed materials is not that broad.
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4.5  Summary

Ingason [6] collected HRR data from all the large-scale tests available in the litera-
ture and normalized the peak HRR to the exposed fuel surface area. The fuel surface 
area was defined as the freely exposed area where release of gasified or vaporized 
fuel can occur. The reason for normalizing test data to the exposed fuel surface 
area was that this makes it convenient to compare the peak HRRs between differ-
ent types of fuels and for different fire conditions. The results may be used to help 
estimate the peak HRR in different types of vehicles and with other solid and liquid 
fuels. Based on this work, the HRR data were divided into three different groups ac-
cording to fuel type: liquid pool fires, ordinary solid materials such as wood pallets 
and wood cribs, and road and rail/metro vehicles.

It is important to understand how the reported HRRs were measured or calcu-
lated in order to make valid comparisons. Multiple car fire tests are mainly con-
ducted in low ceiling car parks with nearly no longitudinal ventilation. The ignition 
source and location is a major factor for the time to reach the peak HRR for buses, 
as well as the body material of the bus (glass fibre, steel, aluminium, etc.). The 
type of cargo containment (tarpaulin, aluminium, steel, etc.) is very important for 
HGV fires, as well as the combustible material and the ventilation conditions. The 
ignition source and location is also an important factor on the time to reach a peak 
HRR for HGV fires. Any type of interaction with a water based spray system must 
also be considered as it significantly interacts with the combustible material and the 
environment.

It was concluded, based on the experimental tests considered so far, that the 
peak HRR per unit fuel surface area in a fuel-controlled fire for different vehicles is 
approximately between 0.2 and 0.4 MW/m2 [6]; although, when HGV trailer mock-
ups are included, this becomes about 0.2–0.5 MW/m2. This is also in line with the 

Table 4.9  The summary of HRR per unit fuel surface area of vehicles with fuel-controlled fires [6, 9]
Type of fuel Test series Estimated fuel surface 

area (m2)
HRR per square 
metre at maximum 
MW/m2

Medium sized 
 passenger cars

Assuming a 5 MW 
fire in the car

12–18 0.3–0.4

Passenger car plastic Test 20 in EUREKA 17 (no ceiling) 0.35
Buss Test 7 in EUREKA 80 0.36
Train Test 11 in EUREKA 145 0.30
Subway coach Test 14 in EUREKA 130 0.27
METRO tests Test 2 and 3 230 0.33
Carleton laboratory 
facility

Intercity train 150 0.2

Carleton laboratory 
facility

Subway coach 130 0.38
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HRR per unit fuel surface area for solid materials. The HRR per unit fuel surface 
area for each individual material exhibits a greater variation, but it appears that the 
total effect of the mixed material leads to a narrow range of HRR values. This ob-
servation is very important to consider when establishing design fires for tunnels. 
It is essential to realize, however, that this is an initial finding; it is based upon tests 
in which the ventilation velocities have ranged from about 0.5 to about 6 m/s. In a 
real-world situation the ventilation velocity may be higher than 6 m/s (For example, 
there may be a natural wind). As a general rule, the total HRR for a single vehicle 
or item/fuel package in a tunnel fire depends on many factors. Further, the total 
HRR depends upon the potentiality for spread from one item to another. That is, the 
proximity of items (For example, vehicles) is of crucial importance. Therefore, it is 
very important to perform more large-scale tunnel fire tests using real vehicles to 
test these initial observations. Most of the existing vehicle fire data are for outdated 
vehicles, and therefore, a new large-scale tunnel test series with modern road and 
rail/metro vehicles is a pressing scientific need.

The other parameter of interest is the time to reach a peak HRR value. The data 
in Table 4.1 show that there is a great variety in the time to reach peak HRR. This 
time varies between 10 and 55 min.

The large-scale tests show that in a real tanker fire accident, where it is realistic 
to expect that the gasoline spreads over the entire tunnel width, one can expect 
the HRR per unit fuel surface area to be in the range of 0.35–2.6 MW/m2 depend-
ing on the ventilation conditions and spread of the fuel over the road surface. In 
well-ventilated conditions with pan fuel depth that is larger than 70 mm and where 
the pan width is smaller than the tunnel width the HRR is expected to be about 
2.4–2.6 MW/m2 for gasoline. The effects of the fuel depth on the burning rate have 
not been considered here but in a real accident the burning rate could be reduced due 
to the cooling effect of the road surface.
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Chapter 5
Fire Growth Rates in Tunnels

© Springer Science+Business Media New York 2015
H. Ingason et al., Tunnel Fire Dynamics, DOI 10.1007/978-1-4939-2199-7_5

Abstract An overview of fire growth rates (FGR) for different vehicles travelling 
through tunnels is presented. The emphasis is on understanding the governing phys-
ics of fire growth rates. This includes ignition sources, geometry and type of the 
fuel, and the effects of the longitudinal ventilation flow. The FGR related param-
eters are decisive for tunnel fire safety. It dictates how fast the fire in different mate-
rials develops and influences the situation inside a tunnel in very different ways. 
The chapter gives a good understanding of the main mechanism behind the FGR of 
different types of vehicles and different solid materials. The effects of windbreaks 
on the FGR are explored.

Keywords Fire growth rate (FGR) · Heat release rate (HRR) · Flame spread · 
Ventilation · Windbreak

5.1  Introduction

The large numbers of catastrophic fires that have occurred in Europe and other 
places in the world have put focus on the fire development, especially the initial 
fire growth. Although, many of these fires developed to huge fires, the first 10 or 
15 min of the fire were crucial for those who had to escape from the fire. A common 
component in all these fires has been the significance of the vehicle type, position 
in relation to portals and other vehicles, the ignition source, and the effects of the 
ventilation on FGR. The type and weight of load being carried by HGV vehicles 
played an important role in determining the severity of the fire. In most of the cata-
strophic road tunnel fires, the fire spread from a single heavy goods vehicle (HGV) 
to a neighboring vehicle of similar size, or alternatively due to collision between 
one or more HGV vehicles, see Chap. 1 and reference [1].

The size and type of ignition source is very important for the potential growth 
of the fire, from a small fire to a fully developed fire. The variety in ignition 
sources are tremendous, everything from electrical circuit failure, arson, over-
heated brakes, hot engine surfaces igniting leaking fuels up to large ignition 
sources (pool fires) due to collisions between vehicles or with tunnel construc-
tion. The period from a physical ignition to a notable growth of the fire, creating 
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smoke and heat influencing the tunnel users, is called the incipient period. It can 
vary from tens of seconds to tens of minutes, or more. The requirement for con-
tinuation of the fire growth lays in the geometry of the fuel, the combustible ma-
terial adjacent to the ignition source, and the type of accelerators. The conditions 
for continuous fire growth depend on how large flames can be initially developed, 
and thereby the heat flux from those flames toward adjacent combustible materi-
als. The ventilation plays an important role in this process. It mainly affects how 
these initial flames are tilted and consequently, how the fire spreads from there. 
High ventilation rates actually can prevent continuous fire spread; example of 
such an ignition delay is on the running vehicles which come to a stop. The flames 
may suddenly burst out after the stop, and the fire starts to develop rapidly. It is 
difficult to predict a potential fire growth from the incipient period to the continu-
ous FGR period, where the heat release rate (HRR) continue to increase rapidly, 
and will lead to a fully developed fire if not intervened. In large-scale testing of 
fires, the incipient time is seldom simulated or tested, mainly because it is diffi-
cult to reproduce and also difficult to control. Therefore, the ignition sources are 
usually much larger than anticipated in the development of realistic fires that are 
not created by large ignition sources.

The HGVs consist of, or carry, highly flammable materials, and the fire spreads 
very rapidly with aid of the longitudinal ventilation inside the tunnel. The tunnel 
ceiling height also has a major effect on the outcome. In most of the Alp tunnel 
fires with numerous HGV vehicles involved, occurred in tunnels with relatively low 
ceiling height, in the range of 4–5 m. Together with the longitudinal flow, this com-
bination becomes devastating for the FGR. The type of cover of the cargo is also a 
parameter that is of great importance and usually not mentioned in this context of 
FGR. Experiments carried out by the authors have shown that the blockage to the 
cargo can influence the FGR by a factor of two or more. This is extremely important 
to understand as the FGR is a key parameter for the fire safety design of tunnels, 
especially for the evacuation of the people in the tunnel during a fire.

Although the ventilation velocity may result in an increase of the HRR and the 
FGR, the forced longitudinal ventilation is important and necessary to prevent the 
smoke back flow in most tunnel fires. It constitutes the basis for the design of criti-
cal velocity and therefore gets such high focus among tunnel engineers.

Despite the fact that the effect of longitudinal ventilation on the FGR in HGV 
fires is an important issue, it has not been treated and explained by any solid physi-
cal theory before. Li and Ingason [2] presented a basic theory to express the rela-
tionship between the FGR and the governing parameters. This theory is presented in 
Sect. 5.2 and 5.3, and examples of how to use the equations are given. At first, the 
definition of the FGR in a tunnel fire needs to be presented. In most of the tunnel 
fire tests carried out, a linear increase in the HRR can be found in the main growth 
period, that is, in a range of about 20–80 % of the maximum HRR in the test. There-
fore, the FGR discussed in this chapter is defined as the difference between 80 % of 
the maximum HRR and 20 % of the maximum HRR divided by the corresponding 
time difference.
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The common understanding among engineers and researchers is that the fire 
growth rate increases considerably with the ventilation velocity in a tunnel fire. The 
question is only what parameters dominate and really control how fast a fire grows 
from its initial conditions. Those who have treated this phenomenon earlier have 
focused on the effects of ventilation and tunnel geometry on the FGR. For example, 
Carvel et al. [3–5] investigated the interaction of the ventilation flow with the FGR 
in a tunnel fire using a Bayesian probabilistic approach. This is the same method 
as used for maximum HRR, which has been discussed in Chap. 4. The basis for the 
conclusions is based on refined estimates made by a panel of experts and data from 
experimental fire tests in tunnels. Initially their conclusions were based on rather 
limited experimental data, but have been updated later [6, 7]. They found that the 
FGR could increase by a factor of five for 3 m/s and by factor of ten for 10 m/s, 
compared to the case with natural ventilation. It was also seen that the enhancing ef-
fects of ventilation for small pool fires is much less significant than that for HGV’s 
(it may be reduced by 40 %), while that for large pool fires tended to increase by 
50 %. For car fires, the enhancement of the ventilation rate on the heat release would 
not be significantly different relative to a car in a naturally ventilated tunnel. The 
FGR for car fires with natural ventilation would not be significantly influenced by 
forced ventilation rates of 1.5 m/s.

Lönnermark and Ingason [8] showed from model scale experiments that, the ef-
fect of the velocity on the increase factor on the fire development depends on the 
tunnel dimensions and the conditions inside the tunnel. The height and the width 
of the tunnel influence the results. However, how much the fire growth results are 
affected by the dimensions also seems to depend on how the FGR is calculated, that 
is what time periods or intervals are used. The effect of initial conditions of the fuel 
and the tunnel flow is also illustrated by the HRR ratio between the lowest velocity 
and the cases with higher velocity. For the case with the lowest velocity of 0.22 m/s 
(corresponding to a velocity of 1 m/s in real scale), the fire develops more slowly 
and reaches a lower maximum value compared to the cases with higher velocities. 
Almost all cases with the velocity of 0.22 m/s became somewhat under ventilated 
at the time of the highest mass loss rate or peak HRR. This is important to keep in 
mind since this can also be the case for real tunnels. This can significantly affect 
the effect of the velocity on the increase factors, and thereby the interpretation of 
the results.

Not only are the local ventilation conditions important, but also other factors as 
for example geometry of the tunnel, type of fuel, and the position and extension of 
the flame. This has been discussed in previous papers on the effect of the tunnel 
dimensions on the burning characteristics [9, 10]. Also the geometry of fuel, here 
represented by the porosity (see Chap. 4, Sect. 4.3.4), is important. The wood crib 
with the lower porosity was more affected by the velocity than was the wood crib 
with the higher porosity. It is also interesting to note that the increase factor, both for 
the peak HRR and for the FGR, seems to reach a constant value or at least increase 
more slowly when reaching above a certain velocity [8]. The tests were performed 
in a model scale tunnel, and one should be aware of that, not all parameters, for 
example radiation, scale perfectly when transforming the results into real scale. 
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However, experience from previous test series in model scale has shown that this 
kind of test series can be very valuable for studying different phenomena, processes, 
and parameter variations.

Li and Ingason [2] stated that the FGR in a ventilated tunnel fire should be re-
lated to the flame spread over the fuel surface. Theories on flame spread over a solid 
surface, especially over a vertical combustible wall, follow a very simple correla-
tion. The forced air flow (convection) over a surface enhances the flame spread at a 
low ventilation velocity and gradually shows cooling effect on the flame spread at a 
high ventilation velocity. How the convective flow affects the spread is not clearly 
known [11]. Thomas [12] proposed an approximate formula applicable to wild fires, 
wood cribs, and urban conflagration which can be expressed as follows:

 (5.1)

where V is the flame spread rate (m/s), ρf is the fuel density (kg/m3), uo is the wind 
velocity (m/s), Ck is a coefficient with a value of 0.07 for wildland fires and 0.05 
for wood cribs.

In a tunnel fire, the longitudinal ventilation plays a key role in the flame spread, 
thus it is much different from an open fire or a room fire. Moreover, the relationship 
between the FGR and the flame spread over the fuel surface in a ventilated tunnel 
fire is not clearly known. The geometry of the fuel does play an important role. In 
order to obtain the effects on the FGR due to longitudinal ventilation, the fuel has 
to extend in the direction of the flame spread. If the fuel bed is short or cubical in 
shape, the effects of the ventilation are not expected to be as evident as if the fuel 
were geometrically elongated in the direction of the ventilation and thereby the 
flame spread. Therefore, for fire loads such as HGV trailers or long vehicles, the 
effects of the ventilation become more definite. If the fuel load is cubical in shape 
or extends more in the perpendicular direction of the longitudinal ventilation, the 
opposite effects may be expected, that is, increase ventilation rate may slow down 
the FGR. These effects have not been experimentally verified in longitudinal venti-
lation flows, but hypothetically they should be expected.

In the following, the work by Li and Ingason on influence of ventilation flow on 
FGR in tunnel fires with wind aided fire spread is presented. The work resulted in 
theoretical relationship between the flame spread rate and the FGR in a ventilated 
flow. A large amount of data relevant to the FGR from model and full scale tunnel 
fire tests was collected and applied to a detailed analysis of the FGR [2].

5.2  Theory of Fire Growth Rate

A schematic diagram of flame spread over a solid surface exposed to horizontal 
wind is shown in Fig. 5.1. The temperature in each control volume close to the 
pyrolysis zone increases gradually due to heat feedback from the flame and the hot 
gases until it reaches the ignition value where it starts to burn.

(1 )f k oV C uρ = +
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The energy equations for the control volumes upstream and downstream can be 
expressed as [13]:

 (5.2)

where

It can be transformed into:

 (5.3)

In the above equations, c is the heat capacity (kJ/(kg K)), δ is the characteristic 
depth (m), Tig is the ignition temperature (K), To is the initial temperature (K),  ′′q  
is the heat flux per unit area (kW/m2), t is the time (s), Δx is the distance from the 
pyrolysis region to the initial temperature region (m), and k is the thermal conduc-
tivity (kJ/(m s K)). Subscript f indicates fuel.

Therefore, the flame spread rate is intimately related to the heat flux and the 
distance Δx (m). Equation (5.3) represents a theoretical consideration in order to 
understand the governing relationships. At this stage, it should not be used for quan-
titative estimation of flame spread in tunnel fires.

5.2.1  Opposed Flow Spread (Upstream)

In a tunnel fire, the type of flame spread upstream of the fire source is the opposed 
flow spread. The forward flame heat flux upstream of the fire can be characterized 
as conduction in the gas phase which suggests [13]:

( )f f ig oc T T V q xρ δ − = ∆′′

,f

f f

k t x
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c V
δ

ρ
∆

≈ =
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k c T Tρ
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Fig. 5.1  A schematic diagram of flame spread over an elongated solid surface
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 (5.4)

where subscript a indicates air.
Since the forward conduction in the gas phase dominates the heat transfer, the 

conduction must be balanced with convection which suggests:

 (5.5)

This suggests:

 (5.6)

Combining all these equations we obtain:

 (5.7)

where subscript F indicates flame and us indicates upstream.
This means, the flame spread rate upstream of the fire linearly increases with the 

ventilation velocity. Equation (5.7) represents a theoretical consideration in order 
to understand the governing relationships. At this stage, it should not be used for 
quantitative estimation of flame spread in tunnel fires.

5.2.2  Wind-Aided Spread (Downstream)

In a tunnel fire, the flame spread downstream of the fire source is the type of wind-
aided spread over a surface that extends in the direction of the air flow. The same 
equation as Eq. (5.3) can be obtained in such cases, but with different interpretation 
of the heat flux from the flame and the distance Δx.

The heat conduction through a thermally-thick fuel, that is, heat transfer to the 
fuel surface by heat convection and radiation are the dominant modes for the wind-
aided spread downstream. Therefore, the heat flux from the flame downstream of 
the fire can be expressed as:

 (5.8)

where subscripts c and r indicate convective and radiative respectively. The radia-
tive heat flux downstream could be reasoned to depend on the flame temperature 
which is intimately related to ambient oxygen concentration, given that the effect 
of the view factor due to different ventilation could be ignored. The convective heat 
flux in a turbulent flow can be expressed as follows:

 (5.9)
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Therefore, the heat transfer from the flame downstream should be enhanced.
The fire plume and thereby the flame volume is deflected in a ventilated flow. 

This suggests the distance Δx increases with the ventilation velocity. Note that this 
distance is related to the pyrolysis length that cannot be explicitly predicted.

According to the above analysis, it is known that the flame spread rate down-
stream of the fire increases with the ventilation velocity, which could be expressed:

 (5.10)

However, how the flame spread rate downstream of the fire varies with the ventila-
tion velocity is not clearly understood.

The flame spread in a tunnel fire, V, is a combination of flame spread upstream, 
Vus, and flame spread downstream, Vds. Clearly, it is seen that in a tunnel fire both 
the flame spreads upstream and downstream increases with the ventilation velocity. 
Based on Thomas work and the above analysis, it can be assumed that the flame 
spread rate in a tunnel fire is proportional to the ventilation velocity.

Note that the flame spread rate is directly related to the properties of the fuel, 
that is, inversely proportional to the thermal inertia kρc [5]. In addition, the surface 
orientation, air composition, atmospheric pressure, and ignition temperature also 
have influence on the flame spread. The air composition and atmospheric pressure 
will not be discussed here since they are normally ambient in our case. In addition, 
since the pilot ignition temperature for most of the commonly used solid fuels is 
in a range of 300–400 °C. The effect of the surface orientation of the fuel, which is 
difficult to estimate for a tunnel fire due to the complexity of the fuel configuration, 
will be implicitly considered with aid of empirical constants.

Therefore, the flame spread in a longitudinally ventilated tunnel fire can be ap-
proximately expressed as follows:

 (5.11)

It should be pointed out here that there is some evidence of the decrease effect under 
high ventilation conditions,that is, blow-off effect, since the cooling effect starts to 
dominate the combustion process under these conditions. However, it was not ob-
served within the range of the tunnel fire tests that we have carried out and therefore 
it is not included here. It can be explained by the fact that the existing ventilation 
velocity in a tunnel fire is relatively low. Other parameters that can influence these 
effects are the way the fuel or the vehicles are constructed. As explained earlier, if the 
fuel surfaces are short in the direction of the ventilation flow, the effects can be oppo-
site, that is, the FGR reduces as the flames are forced to the outside of the fuel instead 
of spreading upwards due to buoyancy effects under low ventilation conditions.

5.2.3  Relationship Between FGR and Flame Spread Rate

The HRR can be expressed as:

 (5.12)

V uds o∝
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where Q  is the HRR (kW), ′′mf  is the fuel burning rate per unit area (kg/(m2 · s), χ  
is the combustion efficiency, ΔHc is the net heat of complete combustion (kJ/kg), 
A(t) is the burning fuel surface area (m2).

The mass loss rate per unit area is directly related to properties of the fuel, and 
heat transfer among the flame, hot gases, fuel, and the tunnel walls. Ideal values 
were found by Tewarson and Pion [14] based on the assumption that all heat losses 
were reduced to zero or exactly compensated by an imposed heat flux equal to the 
total heat losses from the fire source. Ingason and Li [15] compared the maximum 
mass loss rates per unit area from tunnel fire tests to the ideal value of Douglas fir 
and found that there is a good agreement between them. Therefore, the mass loss 
rate per unit area can be assumed to be a constant for a quasi-steady combustion 
process in a tunnel fire and the HRR can be directly related to the burning area for 
a specific fuel type.

In a large tunnel fire, the longitudinal flame spread dominates the fire develop-
ment. Therefore, it is assumed that the fire is burnt over the whole cross section of 
the fuel, and then spreads longitudinally. In other words, the flame spread in a large 
tunnel fire is assumed to be one-dimensional flame spread in the longitudinal direc-
tion. Equation (5.12) can then be transformed into:

 (5.13)

where wp is the wet perimeter of the fuel (m),that is, the contact perimeter between 
fuel and gas in a cross section.

Thus the FGR in a large tunnel fire can be expressed in the following form:

 (5.14)

Equation (5.14) shows that the properties of fuel play an important role for the FGR 
in a ventilated flow.

5.2.4  Fuels Consisting of Several Parts

If the fuel consists of several parts or layers with different materials, for example a 
combination of wood, plastic, and mattress, the HRR can be expressed as:

 (5.15)

The FGR can be expressed as:

 (5.16)

Equation (5.16) can be transformed into:

 (5.17)
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where øi is a correlation coefficient between flame spread velocity of the ith fuel 
and the ventilation velocity, and i indicates the index number of the fuel parts (maxi-
mum value = N).

A material property of the ith fuel, Cf, i, is defined here:

 (5.18)

For simplicity, it is assumed that the correlation coefficients øi for all the parts are 
the same, and the combustion efficiency is a constant. Then the FGR can be simpli-
fied into:

 (5.19)

These results can be applied to the fire scenario in a ventilated flow. For a tunnel 
fire, the special geometry of tunnel and the vehicle do have influence on the FGR, 
which thus needs to be analyzed in detail.

Several dimensionless parameters need to be defined here:
Dimensionless time:

 (5.20)

Dimensionless HRR:

 (5.21)

Dimensionless ventilation velocity:

 (5.22)

Then the dimensionless FGR, dQ dt* */ , can be transformed into:

 (5.23)

If the fuel only consists of one material, Eq. (5.23) can be transformed into:

 (5.24)

5.3  Correlations for Fire Growth Rate

In Chap. 3 there is an extensive presentation of experiments that have been carried 
out in tunnels. The data gathered from these tests will be used to verify the results 
of theoretical analysis. The first step is to obtain better information about the typical 
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fuel types used in these tests. Li and Ingason [2] presented such analysis. The prop-
erties of the fuels used are summarized in Table 5.1.

Data relevant to the FGR from the above tunnel fire tests were applied to the 
analysis. The FGRs were calculated based on the data in a range of about 20–80 % 
of the maximum HRR in these tests. Consequently, the FGR is assumed to be linear 
in this range. The linear trend can be easily seen by observing the measured data.

5.3.1  Comparison with Model Scale Tests

Figure 5.2 shows how the data from Li and Ingason [2] of the FGRs vary with the 
ventilation velocity in model scale tunnel fire tests with longitudinal ventilation. 
Clearly, it confirms the prediction of linearly increasing FGR with the ventilation 
velocity. It is also shown that the FGR is nearly three times larger than that in a free 
burn test, when the ventilation velocity equals 0.9 m/s, corresponding to 4.3 m/s in 
full scale. This means that the ventilation velocity plays a very important role in the 
fire development. The FGR in a tunnel fire tests is close to that in a free burn test 
when the ventilation velocity is equal to 0.3 m/s. As the FGR is one of the most im-
portant design parameters for tunnel safety, these results are considered as important.

Figure 5.3 shows the dimensionless FGRs in model scale tunnel fire tests. Clear-
ly, it shows that the proposed line correlates with the tests data well. One data from 
the extraction ventilation tests at a dimensionless FGR of about 0.6 kW/s deviates 
from the proposed line significantly. The reason may be that the ventilation velocity 
across the fire source is estimated based on the ventilation system rather than by 
direct measurement in the point extraction ventilation tests. This means that larger 
error may be produced in these tests compared to others.

The proposed line in Fig. 5.3 can be expressed as follows:

 (5.25)
**
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Table 5.1  Properties of fuels used in these tests [2]
Material Burning 

rate per unit 
area, ′′mf  (kg/
(m2·s))

Heat of com-
bustion ΔHc 
(MJ/kg)

Thermal 
inertia 
kρc (kJ2/
(m4·s·K2))

Material 
property Cf

Relevant tests

Wood 0.013 16.7 0.15 1447 Runehamar tests
Benelux tests
Model scale tests

PE plastic 0.026 40.0 0.46 2441 Runehamar (T1)
PUR 
mattresses

0.032 25.0 0.04 20,000 Runehamar (T2)

Furniture 0.020 25.0 0.15 3333 Runehamar (T3)
Polystyrene 0.035 41.9 0.58 2531 Runehamar (T4)
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A correlation coefficient of 0.9165 was found for the above equation. The correla-
tion proves well the earlier assumption that the longitudinal flame spread dominates 
the flame spread in a tunnel fire.

For practical use, an expression of the FGR, dQ/dt, should be more useful than 
the dimensionless FGR, dQ*/dt. Therefore Eq. (5.25) is written in another form:

 (5.26)

For wood fires, the FGR in a ventilated tunnel can be approximately expressed as:

 (5.27)

5.3.2  Comparison with Full Scale Tests

Data from Runehamar tunnel fire tests [16–18] and 2nd Benelux tunnel fire tests 
[19] were used here to verify Eq. (5.25), and further to verify the method of predict-
ing the FGR for fuels consisting of several parts.

Figure 5.4 shows the comparison of the FGRs in Runehamar tunnel fire tests and 
2nd Benelux tunnel fire tests with the model scale tests. According to Eq. (5.18), 
each material corresponds to one material property Cf, i. The wet perimeter of the ith 
fuel wp, i is estimated by the contact perimeter in one cross section between the ith 
fuel and the air flow.
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Fig. 5.2  The FGR as a function of the ventilation velocity in model scale [2]
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In Runehamar Test 1 (T1), the fuel consisted of wood pallets and plastic pallets. 
In Test 2, the fuel consisted of wood pallets and PUR mattresses made of poly-
urethane foam. In Test 3, the fuel mainly consisted of furniture. In Test 4, the fuel 
consisted of plastic cups in cardboard boxes on wood pallets. Since the outside 
cardboards were burned out after a while, it is difficult to estimate the wet parameter 
of the fuel in this test and also the material property of the fuel. A weighted average 
was used to estimate the material property here. The fuels used in the 2nd Benelux 
tests T8, T10, and T14 are all wood pallets.

The results in Fig. 5.4 show that the data from Runehamar tunnel fire tests and 
2nd Benelux tunnel fire tests comply well with the data from model scale tests and 
Eq. (5.25). This indicates that the FGR can be scaled appropriately in model scale 
tests even with a scaling ratio of about 1:20. Further, it shows that Eq. (5.25) is ap-
plicable to predict the FGR for different types of fuels, even for fuels consisting of 
several parts.

Example 5.1 Estimate the FGR for a 10 m trailer loaded with furniture and PUR 
mattress in a 6 m high tunnel. The total exposed fuel surface area of 150 m2 consists 
of 80 % furniture and 20 % PUR mattress. The fuel load is assumed to be uniformly 
distributed in the trailer. The velocity in the vicinity of the truck in the tunnel is 
2 m/s. How much will the FGR increase if the velocity is 3 m/s instead?

Solution: Find values of the material property Cf, i in Table 5.1, that is, 3333 for 
furniture and 20,000 for PUR mattress. The total wet perimeter of the fuel is 
150/10 = 15 m, including 12 m for furniture and 3 m for PUR mattress. Now we can 
use Eq. (5.26) to estimate the FGR:

dQ

dt
= × × × × + × = =−1 2 10 2 3333 12 20000 3 2403. ( ) . kW/s 14.4 MW/min

Fig. 5.3  The dimensionless FGR in model scale tests [2]
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If the longitudinal ventilation rate was 3 m/s instead the FGR would have been 
21.6 MW/min.

It can be seen that the PUR mattress contributes much on the fire output despite 
the small portion.

5.4  The Effects of Windbreaks on Fire Growth Rates

The theory of fire growth rates in tunnel fires presented above is suitable for fuels 
exposed to wind. In case that the fuels are not directly exposed to wind, the FGR 
could be expected to be lower, and thus the estimated FGR based on the proposed 
equations is also lower. Therefore, the proposed method tends to be conservative.

In a realistic vehicle fire, the fuels are complicated in structure and cannot be 
predetermined in most cases, for example fuel load and configurations for a HGV 
trailer. Solid rear doors on the HGV trailers block air movement into the fuel array. 
This will considerably slow down the rate of fire spread within the fuel load of the 
trailer. Most HGVs have rear doors and steel walls upfront and, further, the driver’s 
cab itself presents a degree of obstruction to the flow of air through the fuels. The 
rest of the cargo area that could be covered with thin polyethylene tarpaulins burns 
easily. Despite this fact, data from previous full scale tests trying to simulate realis-
tic HGVs fires can be used as a reference.

During the Runehamar large-scale tests in 2003 [17] (see Chap. 3, Sect. 3.3.11), 
the FGR was observed to be extremely high. It varied from 264 kW/s (15.8 MW/
min) to 433 kW/s (26 MW/min) depending on the fuel load [16]. These values are 

Fig. 5.4  Comparison of data from full scale tests with the model scale tests [2]
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slightly different from the values originally calculated by Ingason and Lönnermark 
[17], who used slightly different time period to calculate the FGR. The highest 
FGR was obtained with a fuel load consisting of wood pallets and PUR mattresses, 
or 26 MW/min (Test 2). At the time of the performance of the Runehamar tests in 
2003, the knowledge about effects of windbreaks or physical blockages of the fuel 
was not that well known. In the Runehamar tests, a polyethylene tarpaulin covered 
the entire volume with a fuel load (upfront ends, rear ends, sides, and ceiling) and 
relatively soon after ignition the tarpaulin burned away on the upstream side of 
the fuel and the horizontal wind aided fire spread inside the fuel stack was able to 
develop. This, of course, influenced the fire spread within the fuel drastically. If a 
windbreak in form of a board or steel sheet would have been mounted at the ends of 
the fuel load, especially the upstream end, a wake of circulating air would have been 
created inside the fuel load and the inside wind velocity would have been reduced 
considerably. This would have direct impact on the FGR.

In the testing of a water mist system in 2007, Mawhinney and Trellers [20] 
reported that the ventilation velocity had a large effect on the FGR which consisted 
of piled wood pallets. Addition of upstream panels to block wind penetration into 
the fuel array, which consisted of piles of wood pallets, had a significant reduction 
in HRR of the fires. The tests revealed how large an effect of the design of the HGV 
itself may have on the fire development. Today, most of the large-scale tests carried 
out with FFFS systems use windbreakers on both upstream and downstream side, 
see Chap. 16.

Large-scale tests carried out in 2013 by SP with FFFS [21], a comparison was 
carried out with and without windbreaker consisting of a thin steel sheets on the 
ends and top of the fuel. The longitudinal velocity inside the tunnel was 3 m/s. In 
Fig. 5.5, the effects of windbreak on the FGR is shown. The fire load, as explained 
in Chap. 16, Sect. 16.3.9, consisted of a potential 100 MW fire. The fuel consisted 
of 420 wood pallets with a total length of 8.4 m and width of 2.4 m. In test 5, the 
vertical steel sheets on the ends were removed. In test 6 the steel sheets were at 
place. In test 5 the FFFS was activated after about 7.3 min (23 MW) into the test 
and test 6, which is a free burn test, is plotted up to 23 MWs. The linear FGR for test 
5 is about 5.5 MW/min and for test 6 it is 2.3 MW/min. This indicates a decrease 
of 58 % in FGR after the placement of the windbreakers. In order to illustrate these 
effects an example is presented.

Example 5.2 Assuming a HGV load with 420 wood pallets is burning with and 
without a windbreak. What would the resulting wind velocity be inside the fuel load 
behind the windbreak? Assume that the longitudinal velocity in the tunnel without 
a windbreak is 3 m/s. The FGRs are 2.3 MW/min with a windbreak and 5.5 MW/
min without a windbreak.

Solution: As the wet perimeter wp  in both cases is the same, the longitudinal veloc-
ity can be derived from Eq. (5.27). Since the relationship between the FGR and the 
longitudinal air velocity uo

 is linear, we obtain: u0,windbreak = 2.3/5.5 × 3 = 1.25 m/s.

The velocity obtained in example 5.2 is a reasonable value to be expected behind 
the windbreak. This relationship between the velocities has not been experimentally 
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verified, but shows the importance of the existence of a windbreak. A further re-
search into this field is of great importance as most vehicles have windbreaks in one 
way or another.

5.5  Summary

A simple theoretical model of the FGR in a ventilated tunnel fire was presented. 
The relationship between the flame spread rate and the FGR in a ventilated flow 
was analyzed theoretically. A large amount of data relevant to the FGR from model 
and full scale tunnel fire tests was collected and applied to a detailed analysis of the 
effect of ventilation and fuels on the fire growth rate.

The longitudinal flame spread dominates the flame spread in a tunnel fire. The 
linear fire growth rates observed in large testing is related to the wind aided fire 
spreads inside the fuel stack. This process is clearly linear after reaching a given 
threshold value. The thermal inert, heat of combustion, the wet perimeter, and the 
mass burning rate per unit area of the fuel play important roles in the fire growth 
rate. A robust equation, that is, Eq. (5.25) or (5.26), that fits all the data of the FGR 
from model and full scale tunnel fire tests very well was proposed. Further, the 
proposed equation is applicable to predict the fire growth rate for different types 
of fuels, even for fuels consisting of several parts. However, additional tests results 
with ventilation velocities over 8 m/s in full-scale should be valuable to identify the 
transition conditions under which the cooling effect start to dominate.
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Fig. 5.5  Comparison of a large-scale test with ( test 6) and without ( test 5) windbreaker in a fire 
load consisting of 420 wood pallets [21]
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The method presented in this chapter should be applicable to other ventilated 
fires, such as vehicle fires in the open under strong wind, in which the longitudinal 
fire spread also dominates the combustion process. This method of predicting the 
fire growth rate can also be applied to some other scenarios, such as rack storage 
fires, in which the dominating term is probably the vertical fire spread in an intro-
duced vertical flow due to depletion of oxygen and buoyancy of the flame and hot 
gases.

The effects of windbreak were presented. These effects and the relation to the 
longitudinal wind velocity need to be further explored. The windbreaker exists in 
real vehicles and therefore it is of great importance to quantify these effects and put 
it into the context of the fire spread equations presented in this chapter.
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Chapter 6
Design Fire Curves

© Springer Science+Business Media New York 2015
H. Ingason et al., Tunnel Fire Dynamics, DOI 10.1007/978-1-4939-2199-7_6

Abstract An overview of design fires in tunnels is given. Design fires are obtained 
from guidelines or standards, or exclusively for a specific tunnel project. They can 
be represented as a single constant design value or as a time dependent fire curve, 
either given in form of heat release rates (HRRs), temperatures or combustion prod-
ucts. Various ways exists to represent a design fire curve for tunnels. These can 
include different growth rates or combinations of growth rates with constant levels 
of design maximum values coupled to a decay period. The different type of design 
fire curves are put into the context of fire development in vehicles and tunnel fire 
dynamics. Mathematical representations of design fire curves are presented and dis-
cussed. An example of a new concept for creating a design fire curve is presented.

Keywords Heat release rate (HRR) · Design fire curve · Time-temperature curve · 
Fire growth rate (FGR) · Decay period · Fire products

6.1  Introduction

Mitigation systems are installed in tunnels to improve the safety of tunnel users and 
to prevent damages to the construction. The systems installed vary in type and costs. 
A design fire is needed when these mitigation systems are engineered for a specific 
tunnel project. The design fires represent the load to what the mitigation system 
should be functional during the incident. The design fire is most commonly repre-
sented as a single value of a maximum heat release rate (HRR) in megawatt (MW), 
a time-dependent HRR or as a time–temperature curve. The curves can also, but not 
as common, consist of time-dependent release of fire products such as smoke, CO 
or CO2. A common definition given here for these types of curves is a “design fire 
curve”.

The design fire curve can either represent a worst case scenario or a plausible fire 
scenario for a given tunnel. The values used for design fires can either be obtained 
for a specific project, or from guidelines or standards available for each tunnel type. 
Examples of guidelines for road tunnels are the report of World Road Association 
(PIARC) committee on Road Tunnels devoted to Fire and Smoke Control [1] and 
the National Fire Protection Association standard for road tunnels, NFPA 502 [2]. 
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Other examples are national guidelines such as the French guidelines for road tun-
nels [3] or the RABT [4] in Germany.

For rolling stocks (train, subway, metro or tram) the guidelines only define time–
temperature curves but not HRR as a single design value or as a function of time [5]. 
The focus is, therefore, on requirements on the fire resistance of the materials used 
in rolling stocks. The aim is to prevent the fire to develop or at least retard its growth 
and spread [6]. Example of such standard is the EN 45545–2:2013 which defines a 
classification system that specifies requirements for fire behaviour of materials and 
products used in trains. The classification system has been prepared by Technical 
Committee CEN/TC 256 “Railway applications” on behalf of the European Com-
mission, based on the requirements of the EU Directive 2008/57/EC. Another well-
known standard for design of fixed guideway transit and passenger rail systems 
(rolling stock) is NFPA 130 [7].

A common view about design fires in building environment is found in the work 
of ISO TC92 SC4, that is, the International Organisation of Standardization, Techni-
cal Committee 92, Sub Committee 4 on Fire Safety Engineering, which describes a 
methodology for selection of design fire scenarios and design fires that are credible 
but conservative for use in deterministic fire safety engineering analyses of any 
built environment including buildings, structures or transportation vehicles [8]. The 
selection of design fire scenarios is tailored to the fire safety design objectives, and 
accounts for the likelihood and consequences of potential scenarios.

Maevski [9] proclaimed that a design fire scenario for road tunnels represents 
a particular combination of events associated with factors such as type, size, lo-
cation of ignition source, external environmental conditions and human interven-
tion. The type of fuel and the fuel load density, as well as the fuel arrangement 
have to be defined. Maevski [9] specified, in detail, the periods that a design fire 
curve should include: (a) incipient phase—characterized by the initiating source, 
such as a smoldering or flaming one, (b) fire growth phase—period of propagation 
spread, potentially leading to flashover or full fuel involvement, (c) fully developed 
phase—nominally steady ventilation or fuel-controlled burning, (d) decay phase—
period of declining fire severity and (e) extinction phase—point at which no more 
heat energy is being released.

Design fire curves are used for the design of the tunnel ventilation and egress 
systems. In case of use of fixed firefighting systems (FFFS), the effect of the FFFS 
needs to be introduced into the design fire curve. There are no such design fire 
curves available to date in guidelines, but new research efforts on FFFS will hope-
fully lead to development of such design curves. The designer is obligated to make a 
number of assumptions to ensure that the design will be able to save lives and retain 
the structural integrity of the tunnel under most of the foreseeable fire scenarios. To 
develop a design fire curve, or a tenability curve as defined by Maevski, the project 
must include a fire heat release curve, a design tenability curve, a design evacuation 
(egress) curve and a design systems response curve as a function of time. A ten-
ability curve indicates all time steps and resulting impacts on casualties and tunnel 
structure. This allows for predicting how long the environment will be tenable in 
the tunnel, and aids to decide what needs to be done to achieve the safety goals. 
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Design fires are described in terms of variables used for quantitative analysis. These 
variables typically include the HRR of the fire, yield of toxic species and soot as 
functions of time [9].

The most common way to create a design fire curve is to combine the maximum 
HRR with different types of fire growth rates (FGR) [10, 11, 5] and decay rates. 
In case of using constant maximum HRR design values in tunnels, the design fire 
curves tend to include long periods with constant peak HRR value. From a physical 
point of view, these curves may appear unrealistic but they do provide the designer 
with a useful tool to test their design. The way these curves are represented math-
ematically is important for the applicability of these curves in the design process 
and, indirectly to the results of the fire safety analysis [12].

Regardless of what the design fire curves represent and how they are used, there 
is a great variety in the way they are mathematically expressed. In reality, the design 
fire curves represent an idealization of a real fire that might occur. The design fire 
curves used for tunnels include different types of fire growth rates, for example, 
linear growth ( ∝ t), quadratic growth (∝ t2 ) or exponential (∝ (1 − e−t  )·e−t  )). These 
growth functions can be combined with a maximum HRR value ( Qmax

) and a decay 
function (∝ t or e−t ) [12]. In building fire safety design, usually the growth rate 
alone (∝ t2 ) is considered when growing fires are the unique fire scenario to be dealt 
with, whereas in tunnels the entire fire curve is considered.

Using different types of growth and decay rates combined with maximum HRR 
profiles as peak values or plateau periods means that the curve has to be repre-
sented mathematically for different time periods. The use of discontinuous equa-
tions means that the design curve is mathematically difficult to apply in the design 
process. A more convenient way would be to describe the design fire curve with a 
single mathematical expression. This would make the design process more simple, 
flexible and reliable [12]. In the following, different ways to represent a design fire 
are presented.

6.2  Design Fire Methods

6.2.1  Constant Values for Design Fires

The design values found in different guidelines or standards for road tunnels vary 
considerably depending on type of the vehicle. In Table 6.1, some constant de-
sign fire values for smoke control systems are given in MW. The design values are 
based on experimental data and consensus among members of technical committees 
working with these documents. The values represent well what has been found from 
experimental data. The HGV values vary most but that is also the case in the experi-
mental data (13–202 MW). The variation in values for tanker fires can be explained 
by the fact that no experiments with tanker fires have been performed.

Design fire values were proposed by the UPTUN research project [13, 14]. It was 
used as input to other work packages within the project. The proposal is presented in 

6.2  Design Fire Methods 
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Table 6.2 and is based on information obtained from test data such as that given in 
Chaps. 3–5. It covers road, rail and metro tunnels. The UPTUN proposal suggests 
distinguishing between:

a. Fire scenarios where tunnel users, rescue teams and installed equipment neces-
sary to provide safe evacuation and rescue operations (human safety) are at risk, 
and

Table 6.2  Fire scenario recommendation, UPTUN WP2 proposal [14, 15]
HRR 
(MW)

Road, examples 
vehicles

Rail, examples 
vehicles

Metro, 
examples 
vehicles

At the fire 
boundary

5 1–2 cars ISO 834
Risk 
for 
life

Risk for 
construc-
tion

10 Small van, 2–3 
cars, + +

Electric 
locomotive

Low 
combustible 
passengers 
carriage

ISO 834

20 Big van, public 
bus, multiple 
vehicles

Normal 
combustible 
passengers 
carriage

ISO 834

30 Bus, empty HGV Passengers 
carriage

Two 
carriages

ISO 834

50 Combustibles 
load on truck

Open freight wag-
ons with lorries

Multiple car-
riages (more 
than two)

ISO 834

70 HGV load with 
combustibles 
(approx. 4 tonne)

HC

100 HGV (average) HC
150 Loaded with 

easy comb. HGV 
(approx. 10 tons)

RWS

200 or 
higher

Limited by oxy-
gen, petrol tanker, 
multiple HGVs

Limited by 
oxygen

RWS

Table 6.1  Examples of design fires in MWs for road tunnels
Vehicle type PIARC [1] French [11] Germany [4] NFPA 502 [2]
Passenger car 2.5–5 2.5–5 5–10 5
Multiple passenger cars 8 8 5–10 15
Van 15 15
Bus 20 20 20–30 30
HGV/lorry 20–30 30 20–30 150
Tanker 100 200 50–100 300
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b. protection of the tunnel boundary to avoid structural collapse, unwanted fire and 
smoke spread by ventilation ducts or fire doors (fire resistance).

For (a) human safety, fire scenarios in terms of HRR were recommended, while for 
(b) fire resistance, time–temperature curves were recommended. This approach fol-
lows how fire safety is regulated in the building regulations and allows the applica-
tion of some commonly accepted methods for the classification of fire resistance. In 
general, the UPTUN recommended several fire scenarios to be used for risk analy-
sis of tunnel fire safety. Small fires may cause other problems that are not for larger 
fires. In risk analysis, it is significant to know how all possible scenarios contribute 
to the overall hazard. For (a) human safety, all proposed scenarios from 5 MW up to 
the actual design fire are recommended to be considered in risk analysis.

The following fire growth rate ( αg, L), where L means linear, was recommended 
by the UPTUN:

• Peak HRR of fire ≤ 30 MW, = > αg, L = 10 MW/min
• Peak HRR of fire > 30 MW, = > αg, L = 20 MW/min

It was proposed that the duration of the fire to be determined by the amount of avail-
able combustible material (Etot), where 100 % fuel consumption (80 % combustion 
efficiency) was assumed. The amount of fuel should be evaluated for each study 
and depend on the type of vehicles, load and traffic pattern. In particular, stationary 
traffic can have a large influence on the amount and availability of combustible ma-
terial. For (b) fire resistance, only three curves were recommended, ISO 834 [16], 
the Hydrocarbon Curve (HC) [17] and the RWS-curve [18]. The same method to 
determine the duration applies for type a) scenarios [15].

There are no guidelines or standards available for rolling stocks given concrete 
design values in MWs. Designers work with time–temperature curves, smoke pro-
duction in m3/s or energy content in GJ [5], but often design fires in MWs are 
engineered for individual project. In Table 6.3, a summary of design values used 
in different tunnel projects are given. These values are not referred to as they are 
based on discussion with tunnel designers and from different presentations given 
at conferences. The purpose of presenting them here is to show the variety in the 
values used for design of the ventilation and egress systems. Values obtained by the 
Deutsche Bahn AG [5] are given for comparison in Table 6.3. Further, in Chap. 4, 
it has been shown that the experimental maximum HRR values for rolling stocks 
varies between 7 to 77 MW, where most of them were lower than 50 MW, which 
corresponds well to the range of values found in Table 6.3.

Table 6.3  Design fire values in MWs used in different tunnel projects
Vehicle type Used design values in different tunnel projects Deutsche Bahn AG [5]
Locomotive 7, 12, 20, 25, 30 20
Rail car 2, 5, 10, 15, 25, 35, 40, 80 25
Metro 8, 15, 30
Freight car 8, 52 8 (closed wagons), 52 (open 

wagons)



158 6 Design Fire Curves

6.2.2  Time Dependent Methods for Design Fires

Time dependent design fire curves can be divided into three main types: linear 
curves, quadratic curves and exponential curves. In each case, this description can 
refer both to the growth and decay periods and can be combined in different ways. 
Three notable examples are described in more detail below [12] and in Table 6.4.

Linear Curve–Linear growth and decay with constant maximum period: The 
French tunnel recommendations [11] for fire ventilation assume a time dependency 
of HRR with a linear growth from zero to time tmax, a constant maximum HRR value 
to the time tD, which is the time when the HRR starts to decay, and finally a linear 
decrease from the maximum HRR value to zero to the time td, which is the total 
duration time.

Quadratic Curve–Quadratic growth and exponential decay with constant maxi-
mum period: Ingason [10] proposed a time-dependent design fire curve for different 
types of vehicle with a quadratic growth from zero to time tmax, a constant maximum 
HRR value to the time tD and finally an exponential decrease from the maximum 
HRR value to zero at infinity. If t tD ≤ max

, then no constant maximum HRR period 
is obtained. A new value of maximum HRR is calculated, see Table 6.4, and tmax = tD.

Exponential Curve–Exponential growth and decay period: Ingason [19, 20] pro-
posed a method to estimate the HRR given as a single exponential function of time 
instead of as three functions for different time interval. Ingason’s work is based on 
the original work by Numajiri and Furukawa [21] and it is only applicable to fuel-
controlled fires and fires with a small or negligible constant peak HRR period. The 
design parameters are the maximum HRR ( Qmax

), the total calorific value ( Etot) and 
the parameter ( n), which is an arbitrary chosen parameter with no physical meaning. 
Based on these parameters, tmax and td can be calculated, see Table 6.4. Other param-
eters are r and k, which are calculated based on the input parameters Qmax

and Etot. 
A further presentation of this equation is given in more detail later, see Eq. (6.1).

The mathematical expressions for these curves are summarized in Table 6.4. The 
index max refer to the maximum or peak values, the index D refer to the time when 
the decay period starts, the index d refer to the total fire duration, g refer to the 
growth period, L refer to a linear period, q refer to a quadratic period and tot refer 
to the total. The time is in seconds and the HRR is in kW (kJ/s). χ is the combustion 
efficiency and βd is the ratio between the integrated energy at time td, ( Etot td, ), and 
the total energy released ( Etot) and can be arbitrarily chosen. Etot td, is always less or 
equal to the total calorific value Etot and if they equal then βd = 1 according to the 
definition.

In Table 6.5, data on the French design curves are given as an example of linear 
curves. The linear fire growth rate ( αg,L) and linear decay rate ( αD,L) have been 
calculated based on the given data given in Table 6.5. Note that the Etot values in 
Table 6.5 have been partly recalculated. In order to obtain the same time specifi-
cations for tmax, tD and td as given in references [13, 11] the value of Etot had to be 
slightly changed when using the equations in Table 6.4 [12]. The original Etot values 
in reference [11] are given in brackets. Also, note that Qmax

 is given in MW and 
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Etot in GJ in Table 6.5, whereas one should use kW and kJ in the equations given in 
Table 6.4. The time values ( tmax, tD and td) in Table 6.5 are given in minutes whereas 
seconds should be applied for the equations given in Table 6.4.

In Table 6.6, proposed design fires using quadratic curves is presented for traf-
fic tunnels [10]. It was assumed that the design parameters for the quadratic curve 
should be considered as guidelines for the designers, and that they may need to be 
adjusted when more experimental data become available. No allowance was made 
for the possible spread of fire between different vehicles, nor for the possible effects 
of vitiation on HRR development.

Example 6.1 Plot three different design fire curves using the equations in Table 6.4 
for linear, quadratic and exponential curves. Assume a metro wagon that ignite and 
burns for 60 min. The maximum HRR is 30 MW( Qmax

 = 30 000 kW) and the total 

Table 6.6  Proposed design values for creation of design fires for traffic tunnels by Ingason [10]. 
These values are input parameters for the quadratic curve in Table 6.4
Type of vehicle  Qmax(MW) αg, q (kW/s2) αD, q (s −1)

Car 4 0.01 0.001
Bus 30 0.1 0.0007
Trucka 15–130 – –
Trainb 15 0.01 0.001
Subway carc 35 0.3 0.001
a The fire load of a truck may vary greatly
b Steel body
c Aluminium construction

Table 6.5  Complementary data on design fire curves for road tunnels based on French regulations 
[13, 11]. These values are input parameters for the linear curve in Table 6.4
Type of vehicle Etot

a 
(GJ)

Qmax 
(MW)

tmax 
(min)

tD 
(min)

td 
(min)

αg, L 
(kW/s)

αD, L 
(kW/s)

2–3 cars, tunnel height ≤ 2.7 m 17 
(15)

8 5 25 45 26.7 6.7

1 van, tunnel height ≤ 3.5 m 38 
(40)

15 5 35 55 50.0 12.5

1 HGVb, tunnel height > 3.5 m, 
no so-called ‘hazardous goods’

144 
(150)

30 10 70 100 50.0 16.7

1 HGV with high calorific 
potentialc, tunnel height > 3.5 m, 
no so-called ‘hazardous goods’

450 100 10 70 90 166.7 83.3

One tanker, clearance height 
> 3.5 m, hazardous goods

960 
(1000)

200 10 70 100 333.3 111.7

a Etot modified values (original values given in bracket)
b HGV heavy goods vehicles
c Defined in reference [13]
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calorific value is 60 GJ ( Etot = 60,000,000 kJ). The time to reach a maximum value 
for linear and quadratic curves is estimated to be 13 min, followed by a constant 
period up to time tD

, that is, the time when it starts to decay. For the exponential 
curve there exists no constant period, so tmax is set to 18 min, which is reasonable 
value in order to obtain the same fire growth as the other two curves. The αD, q for the 
quadratic equation is set to 0,001 s −1, in accordance to Table 6.6 for a metro wagon.

Solution: The input for the different curves is as follows:

Linear curve:

 td
 = 60 min, , max max/ 30000 / 780 38.5 kW/sg L Q tα = = = ,

 
t

E

Q
t t sD

tot
d= + − = × + × − × = =

2
2

60000000

30000
13 60 60 60 1200 2



max
max  00 min,

max
,

30000
12.5 kW/s

( ) (60 20) 60D L
d D

Q

t t
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− − ×



. Thus the linear curves to be plotted 

can be expressed as follows:

Quadratic curve:

and ,D qα  = 0.001 s−1, which was given earlier. Thus the quadratic curves to be plot-
ted are as follows:

Exponential curve:

1 (1 3.6)
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1 1
(1 ) (1 ) 2.33
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The exponential curve can now be expressed in the following:

Now it is possible to plot three different design fire curves. In Fig. 6.1, the results 
are shown for these three curves.

The main advantage of working with the exponential curve as compared to the 
other two is that it is represented by one single mathematical equation and it is con-
tinuous for the entire time period. It also tends to follow better experimental data 
compared to the discontinuous formulations of the linear and quadratic equations. 
As it is only represented by one equation for the HRR, it is easy to sum up if mul-
tiple objects are considered when constructing a new design fire. Further advantage 
is that, it is very easy to describe a long incipient time by varying the n factor.

6.3  Exponential Design Fire Curve Method 
with Superposition

Hansen and Ingason [22, 23] applied the exponential curve concept presented in 
Table 6.4 for sum up of multiple objects in order to create a single curve. The design 
parameters were the maximum HRR ( Q imax, ) for the individual object i, the total en-
ergy content Etot, i and the retard index ( ni), which is an arbitrarily chosen parameter 
with no physical meaning. Methods were explored to estimate the time to ignition 
of secondary objects, using physical models for fire spread. A critical heat flux as 
ignition criteria was compared to a method using critical ignition temperature. The 
time to ignition of secondary objects made it possible to estimate the value of ni. 

Q t e e tt t( ) . . ( ) , .. ( . ) .= × × × − × ≥− − −30000 3 6 2 33 1 00 0012 3 6 1 0 0012  

Fig. 6.1  Comparison of three different mathematical representation of a design fire curves from 
Table 6.4 and Example 6.1
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The time to the maximum HRR ( tmax, i) and the fire duration ( td, i) could also be 
calculated. The model also includes parameters such as the amplitude coefficient 
( ri) and the time width coefficient ( ki), which are calculated based on the input 
parameters the maximum HRR and the total energy content value for each object.

The method uses the following equation when calculating the sum of all indi-
vidual HRR from each component taking part in the fire development [22]:

 (6.1)

where

The above equation is enough for construction of a design fire, however, it needs 
an iterative calculation. Instead of using the equation for tmax, i, the retard index, n, 
could be approximately estimated using the following equation:

 (6.2)

Note that Eq. (6.2) is only an appxoimate solution of parameter n. The value of n 
should always be checked. For large values of n, large errors could be introduced. 
In such cases, only Eq. (6.1) should be used. The design fire curve method using 
Eq. (6.1) has been employed to make design fires for metro and tram carriages [24]. 
The results are presented in Sect. 6.3.3 and 6.3.4, respectively.

In the following, a short presentation of a method proposed by Li and Ingason 
[24] for calculation of the design parameters Q imax, and Etot, i is presented.

6.3.1  Determination of Design Fire Scenarios

The determination of fire scenarios has a great influence on the design fire. The 
related key parameters include ignition source, fuels available and geometry of the 
vehicle. Creation of a design fire is always a cost-effective problem, depending on 
the targeted safety level for the specific vehicle or tunnel.

In some scenarios, the fire could not become fully developed and the maximum 
HRR could be very low. For example, a 150 kW gas burner placed beside a seat 
consisted of fire retardant materials in a train carriage could be ignited but not burn 
after the gas burner is removed. However, in case of a large ignition source, for ex-
ample an arson fire, the fuels in the carriage could probably be ignited immediately 
and the fire could spread to the neighboring fuels after a short time. This fire spread 
from the ignition source to neighboring fuels is defined as the critical fire spread 
for carriage fires [25]. After the critical fire spread occurred, the fire normally is 
able to spread easily along the carriage [25]. For conservative reasons in engineer-
ing applications, it can be assumed in most cases that the fire finally becomes fully 
developed, especially in case of lack of information.
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6.3.2  Maximum Heat Release Rate

Full scale fire tests are the best way to obtain valuable information about maximum 
HRR. Available information on measured HRR from all the major large scale fire 
test series with vehicles can be found in Chaps. 3, 4 and 5. In Chap. 4, the summary 
of available experimental data shows that the peak HRR for single vehicle fires 
(passenger cars) can vary from 1.5 to 8 MW, where most were lower than 5 MW. 
The variation in HRR for two-vehicle fires was 5.6 to 10 MW, and for three-vehicle 
fires it varies from 7 to 16 MW. In 95 % of the cases the HRR is less than 10 MW. 
It was also stated that there are not many bus fire tests performed and therefore the 
uncertainty for the bus fire data is high. The peak HRR was found to be in the order 
of 25 to 30 MW. For HGVs (heavy goods vehicles) it was found that the highest 
measured maximum HRRs were obtained for the HGV trailers (single) with a solid 
combustible such as wood and plastic pallets. The peak HRR was in the range of 13 
to 202 MW, whereas when projected on exposed fuel area it varied within a much 
smaller range, or 0.2–0.5 MW/m2. The maximum HRR per unit fuel surface area 
for other types of vehicles varied in a narrower range, or between 0.2 and 0.4 MW/
m2. Measurements of maximum HRRs for rail and metro vehicles show that the 
peak HRR was in the range of 7 to 77 MW and for exposed fuel area varies between 
0.2–0.4 MW/m2.

However, in engineering applications, the fire scenarios and the fuels differ from 
one to another. Therefore, the full scale test data only acts as good references. In-
stead, theoretical models could be a good option to estimate the maximum HRR in 
such cases. Li et al. [25, 26] investigated the correlations between different scales 
of metro carriage fire tests in the framework of the METRO project [27], and pro-
posed a simple model to estimate the maximum HRR for a fully developed metro 
carriage fire, and which has been proved to be able to correlate all the test data in 
different scales very well. The maximum HRR in a carriage fire is mainly related to 
the type and configuration of the fuels, the effective heat of combustion and the heat 
of pyrolysis. The maximum HRR for a fully developed carriage fire, Qmax

 (MW), 
can be expressed as:

 
(6.3)

where the fraction of heat absorbed by the ith surface, χr, i, in the above equation is 
defined as:

 (6.4)

and the maximum possible mass flow rate through openings:

 (6.5)
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where Ao, i and H o, i are the area (m2) and the height (m) of ith opening respectively. 
Χr is the fraction of heat absorbed by the fuel surfaces in the total energy released 
inside the carriage, which has been found to be 0.23 in these scenarios. Χr, i is the 
fraction of heat absorbed by the ith fuel surfaces Ai, ΔHc, i is the heat of combustion 
(MJ/kg), Lg is the heat of pyrolysis (MJ/kg), Ai is the ith surface area and At is the 
total surface areas exposed to the internal flame and it is the sum of individual sur-
face area Ai. The total surface area includes all fuel surfaces including interior wall 
surfaces. The physical meaning of the fraction Χr, i is the heat from the combustion 
flame inside the carriage which is absorbed by the ith fuel surface. The fraction of 
heat absorbed by the ith fuel surfaces could be zero at some location where no fuel 
is left, for example a wall fully covered by insulating materials.

Note that although Eq. (6.3) was proposed for carriage fires, it in reality is a 
general equation for estimating the HRRs in tunnel fires, with the exception of 
ventilation controlled tunnel fires where the tunnel ventilation controls the fire size 
(This can be checked easily, see Chap. 2). Based on the term on the right hand side 
of Eq. (6.3), the HRR per unit fuel area (HRRPUA) can be defined as:

 (6.6)

In estimation of the maximum HRR for one specific fuel, the exposed heat flux 
generally needs to be predetermined. Note that, in fully developed carriage fires, the 
maximum gas temperature normally in a range of 800 to 1000 °C, corresponding to 
a maximum radiation heat flux of around 75 to 150 kW/m2. Li et al. [24] assumed 
that the value of 75 kW/m2 could be used as an average effective value for all the 
exposed fuel surfaces, which also partly due to that data corresponding to this heat 
flux can be easily obtained from cone calorimeter tests. In case of lack of informa-
tion, the values of HRRPUA for different fuel types proposed in Tables 4.5, 4.7, 4.8 
and 4.9 in Chap. 4 could be used.

The availability of doors and windows is a key parameter for design fires of ve-
hicles. The windows could break up while exposed to high heat intensity. Windows 
breakage due to fires has been studied by many researchers [28–31]. These studies 
suggest that the failure of the glazing doors and windows depends on many factors 
including glazing material (including different types of glass and polymer mate-
rials and different construction or treatments such as lamination and tempering/
toughening), glazing thickness and surface area, glass defects (particularly micro 
cracks that are influenced by edge treatment) and edge frame material. The failure 
of a modern tempered glass used in a train carriage could be expected to occur for a 
gas temperature over 600 °C, or a heat flux over 40 kW/m2. In design fires for car-
riages, the windows and doors could be assumed to fail after being exposed to high 
temperatures while lacking of information.

Example 6.2 Estimate the maximum HRR in a fully developed metro carriage fire, 
assuming that enough fuels are available inside the carriage (the fire is not fuel con-
trolled). There are six doors ( H = 2 m, W = 1 m) and 20 windows ( H = 1 m, W = 1 m). 
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The parameters for the fuels are listed in Table 6.7. The fraction Ai/Atis the percent-
age of the surface area for one fuel type in the total fuel surface areas.

Solution: Using Eq. (6.5) gives the total mass flow rate: ma = 18.5 kg/s. Then use 
Eq. (6.3) to estimate the maximum HRR. Note that we have assumed that enough 
fuels are available inside the carriage and the fire is not fuel controlled. We directly 
use the left term in the parenthesis. Qmax

 = 1.85 × 18.5 × 0.23 × (0.21 × 12.8/0.95 + 
0.57 × 7.6/2.01 + 0.11 × 25.3/1.22 + 0.11 × 21.4/1.63) = 68.5 MW.

Note that we made an assumption that enough fuels are available. In reality, if the 
fuel burning rates are known, Eq. (6.3) can be directly used without this assumption 
by using the right hand term in the parenthesis.

6.3.3  Time to Maximum Heat Release Rate

The time to maximum or peak HRR indicates how fast the fire grows up. The time 
to maximum HRR differs significantly from one scenario to another. It can be ex-
pected to be sensitive to the type, location and size of the ignition source and fuels, 
and the geometry of the vehicle.

The time to maximum HRR could be determined from the full scale test data. In 
Chap. 4, the summary of available experimental data shows that for single vehicle 
fires (passenger cars), the time to peak HRR varies between 8 and 55 min for single 
cars. In over 80 % of the cases for single cars, the maximum time to peak HRR oc-
curs within 8–30 min and for 60 % of the cases it occurs within 8–20 min.

For bus fires, the time to reach peak HRR was less than 10 min. However, it 
should be kept in mind that the uncertainty of the bus fire data is high as mentioned 
earlier.

For the HGV tests it was found that the time to reach peak HRR was in the range 
of 8–18 min. The fire duration was less than 1 h for all the HGV trailer tests present-
ed. The FGR after reaching 5 MW was nearly linear during all the tests carried out 
in the Runehamar tunnel 2003 and it varied between 16.4 and 26.3 MW/min [32]. 
In Chap. 5, it was shown that this is related to the wind aided fire spread inside the 
fuel stack. This process is clearly linear after reaching a given threshold HRR value.

For rail and metro carriages, measurements of HRRs show that the maximum 
HRR was in the range of 7–77 MW and the time to reach the peak HRR varied from 

Table 6.7  Parameters for estimation of the maximum HRR
Fuels compositions Fraction Ai/At (%) ∆Hc Lg

MJ/kg MJ/kg
Plywood 21 12.8 0.95
Laminate 57 7.6 2.01
Seat PUR 11 25.3 1.22
Luggage 11 21.4 1. 63
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5 to 80 min. In the full scale metro carriage tests in Brunsberg tunnel [33] carried 
out by SP Fire Research, the time to maximum HRR was approximately 13 min in 
test 2, and 118 min in test 3 (see Chap. 3, Sect. 3.3.12). The reason for this differ-
ence was in the type of linings on wall and ceiling that was changed between the 
tests. In Test 2 the lining were combustible, whereas in Tests 3, the linings were 
covered with aluminium sheet which, after some time lost it capability to protect 
the old material behind. The ignition source, which was the same in both tests, cor-
responded to an arson fire, which supports the rapid increase in the growth period 
in Test 2 with combustible linings on the wall and ceiling. Li et al. argued that the 
tmax could be chosen as 15 min for such type of train carriage fires, to be on the 
safe side. Li et al.’s work presented in reference [25, 26] shows that the fires in the 
Brunsberg tunnel tests in the METRO project behaved as travelling fires after the 
critical fire spread occurred. In other words, the fire travelled along the carriage at 
a quite constant speed. This indicates a linear fire growth rate. The flame spread 
rate along the carriage is around 1.5 to 2 m/min. This information can be used for 
estimation of time to maximum HRR in the design fire. Due to the similarity in the 
geometry between a bus carriage and a metro carriage, the mechanism of fire spread 
along the carriage should be the same, and the results found by Li et al. could also 
be applied to bus carriage fires.

6.3.4  Energy Content

The total energy content of the fuels determines the duration of a fire, and is also 
correlated with the maximum HRR, as the integral of the HRR curve with respect 
to time should equal the total energy content. Accurate estimation of the energy 
content can be easily made after summarizing the fuels available, as the heat of 
combustion for a given fuel can be regarded as constant.

6.3.5  Reconstruction of a Large Scale Test

Li and Ingason [24] have reconstructed the fire curve in the METRO test 3 [33] 
summing up the HRR of individual objects. Based on the data obtained from the 
METRO test 3, the maximum HRR is 77 MW and the time to maximum HRR is 
around 118 min. From the fuel load, the energy content is estimated to be 60 GJ. The 
design fire for the METRO test 3 can therefore be constructed using the Eqs. (6.1) 
and (6.2). The result is shown in Fig. 6.2. Note that the average time to maximum 
HRR of 121 min is used rather than the exact time of 118 min to maximum HRR for 
better correlation. It can be seen that the estimated fire curve correlates very well 
with the measured fire curve. The maximum HRR could also be estimated using 
Eq. (6.3) and similar results are obtained.
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6.3.6  Design Fire for a Tram Carriage

Li and Ingason [24] presented a construction of a design fire curve using Eq. (6.1) 
for a modern tram carriage. The tram carriage consisted of six sections with each 
having a length of 6 m. A tram involves quite limited fuel load and thus the fire 
usually become fuel-controlled. Equations (6.3)–(6.5) were used for estimation of 
the maximum HRR for each section of the tram carriage. The key parameters used 
for individual tram sections are listed in Table 6.8. For each section, the maximum 
HRR was estimated to be 12 MW and the energy content estimated to be 5 GJ. 
The difference in time to maximum between neighbouring sections depends on the 
spread speed. Li et al.’s work [25] shows that for the travelling fires in a carriage, 
the flame spread rate along the carriage is around 1.5 to 2 m/min. This knowledge 
was used in the analysis and a 2 m/min was selected as a conservative value. There-
fore, the difference in time to maximum HRR between two neighbouring sections 
was estimated to be 3 min. The key parameter left to determine is the time to maxi-
mum HRR for the first section. This time was estimated to be around 10 min to 
assure that the HRR approximately reaches the maximum HRR at around 15 min.

Figure 6.3 shows the design fire for the tram constructed using Eq. (6.1). The 
total maximum HRR is 28 MW at 20.3 min. At the beginning of the fire, a HRR of 
1 MW was also added as the output from the ignition source and limited fuels near-
by. Clearly, it shows that after around 15 min the design fire reaches a plateau, that 

Fig. 6.2  Reconstruction of the METRO Test 3 using the exponential curve method [24]
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is, the HRR reaches 25 MW and keeps at this level for around 10 min. This indicates 
that an extended carriage length has limited influence on the design fire, that is, the 
maximum HRR for a longer carriage is approximately the same. We can also com-
pare the design fire obtained to the standard t square curve ( t2) and it can be found 
that the design fire approximately follows the fast curve before the plateau. Note 
that the choice of the time to maximum HRR for the first section only affects the 
time to total HRR, but does not affect the total HRR and the shape of the design fire.

It should be kept in mind that the design fires proposed above are only suitable 
for the given carriages in the design scenarios defined above, rather than for all 

Table 6.8  A summary of key parameters for individual sections in a tram [24]
Section no. Energy content, E (GJ) Maximum HRR, Qmax 

(MW)
Time to maximum HRR, 
tmax (min)

1 5 12 10
2 5 12 13
3 5 12 16
4 5 12 19
5 5 12 22
6 5 12 25
Sum 30 28 20.3

Fig. 6.3  The design fire for a tram using the summation method [24]
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vehicles of the same type and all scenarios. For other carriages and other scenarios, 
the method proposed can be used to construct their own design fires, depending on 
the information obtained and some reasonable assumptions.

6.3.7  Design Fire for a Road Vehicle

Similar methods can be used for construction of a HGV trailer fire or other types 
of vehicles. All important components that contribute to the fire development need 
to be considered. The main components are the number of tyres, the fuel tanks, 
interior material inside cabin, electrical cables, liquids, hoses, trailer cover materi-
als, cargo, etc. For most vehicles, it is necessary to determine what the exposed fuel 
surfaces are and then obtain HRRPUA, for example from Tables 4.5, 4.7, 4.8 and 
4.9. In order to calculate Etot values for total mass and combustion efficiency ΔHeff 
are necessary. In the following, an example is given in order to clarify the calcula-
tion process.

Example 6.3 A HGV truck with a trailer stops due to engine problems. The trailer 
does not carry any cargo but there are six tyres on the trailer. Assume a fire starts 
at time 12:04, with an ignition in the engine compartment. The Q enginemax,  is 2 MW, 
Etot engine, is 0.5 GJ and the time to reach Qmax

is t enginemax,  = 5 min. The fire spreads to 
the two tyres at the front of the truck. The ignition occurs simultaneously in both 
tyres. For each tire Q tyremax,  = 1 MW and Etot tyre,  = 1 GJ and the t tyremax,  = 15 min. At 
the same time as the fire spread to the front tyres, it also spread to the driver cabin. 
The driver cabin has a fuel surface area of 25 m2, and the HRRPUA for the cabin 
is 0.35 MW/m2. The total amount of combustible material is 250 kg and the aver-
age heat of combustion is ∆Hc eff,  = 25 MJ/kg in the driver cabin. The best estimate 
is that Q cabinmax, will occur t cabinmax,  = 13 min, that is at 12:17. The fire continues to 
spread and eventually will warm up the diesel tank behind the driver cabin. The fuel 
hoses will be destroyed and fuel starts to pour on the road surface. The pool area that 
is created on the road surface will be 4 m2 and HRRPUA of the diesel is 1.7 MW/m2. 
The t poolmax, is deemed to occur at 15 min. The total amount of diesel is 100 L. The 
density of diesel is 790 kg/m3 and the heat of combustion is ∆Hc eff,  = 40 MJ/kg. At 
the same time, the fire spread to the tyres at the back of the truck and start to burn 
at the same time for both tyres. Q tyremax,  = 1 MW and Etot tyre,  = 1 GJ for each tyre and 
the Q tyremax, for both tyres occurs at t tyremax,  = 25 min. Finally, the fire spread to all the 
tyres at the back of the trailer, in total six tyres. Each tyre have Q tyremax,  = 1 MW and 
Etot tyre,  = 1 GJ and t tyremax, is estimated to occur at 35 min, and all six tyres burn at the 
same time. Create a design fire curve for the fire scenario described.

Solution: The procedure is done in an excel sheet, and then summed up in accor-
dance to Eq. (6.1). A summary of the key parameters is given in Table 6.9. In 
Fig. 6.4, the HRR for each component/object is shown and the total HRR. Follow-
ing values have been calculated by use of Eqs. (6.1) and (6.2):
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Etot cabin,  = 250 kg × 25 MJ/kg = 6250 MJ = 6.25 GJ and Etot pool,  = 0.1m3 × 790kg/
m3 × 40 MJ/kg = 3200 MJ = 3.2 GJ. The parameter ni is calculated by Eq. (6.2).

6.4  New Concept for Design Curves

A new concept for design fires in tunnels was presented by Ingason and Li [34]. 
The concept is based on a simple engineering approach accounting for important 
geometrical and physical variables of the tunnel and the fuel. The engineering equa-
tions originate from the calculation of critical conditions inside the tunnel such as 
visibility, velocity and maximum ceiling temperature. The concept leads to a range 
of minimum design fires given in megawatts (MW) for a specific tunnel.

Important geometrical parameters that were identified include tunnel height and 
tunnel width. The fuel geometry, height above the road surface and projected area 
of the fuel, are also important. For evacuation, the visibility is the first parameter to 
become critical. Other important parameters relating to ventilation and construction 
include the critical velocity and maximum temperature beneath the ceiling. In order 

Table 6.9  A summary of key parameters for individual parts
Object

Qmax
 (MW) Etot

 (GJ) tmax
 (min) ni ri ki

Engine 2 0.5 5 24.1 2.66 0.0106
2x tyre front-truck 2 2 15 10.1 2.58 0.0026
Cabin 8.75 6.26 13 17.6 2.64 0.0037
Diesel pool 6.8 3.2 15 298.5 2.71 0.0062
2x tyres back- truck 2 2 25 57.6 2.69 0.0027
6x tyres trailer 6 6 35 328 2.71 0.0027

Fig. 6.4  The design fire curve for Example 6.3, with a HGV truck and an empty trailer
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to identify the limits for the range of design fires, it was decided to use the following 
critical conditions:

1. Visibility in the tunnel (see Chap. 14). It is possible to identify a HRR for a given 
critical visibility, assuming that tunnel users cannot find their way out or the 
escape path is too long and therefore they will be exposed to a toxic environment 
for a long time.

2. Critical velocity (see Chap. 13). The critical velocity is defined as the minimum 
longitudinal ventilation velocity to prevent reverse flow of smoke from a fire 
(back-layering) in the tunnel. There exists correlations which show that above a 
certain longitudinal velocity, the critical velocity will not change, independent of 
the HRR [35]. This approach has been used to find a minimum HRR related to a 
critical velocity.

3. Maximum ceiling temperature (see Chap. 8). Above a certain HRR from a single 
vehicle burning, the maximum temperature beneath the ceiling will not change 
[36]. In the present study, an excess temperature of 1350 °C was used as the high-
est constant ceiling temperature. This approach yields the minimum design fire 
related to temperature exposure to the ceiling from a single burning vehicle.

6.4.1  Theoretical Aspects

Following equation was developed for (1) visibility:

 (6.7)

where

and u is the velocity in m/s, cp is the specific heat of air at constant pressure (kJ/
kg K), To is the ambient temperature (K), 

oρ  is the ambient density (kg/m3) and 
A = WH is the cross-sectional area (m2) ( H is the tunnel height (m) and W is the 
tunnel width (m)). The visibility Vis (m) and mass optical density Dmass (m

2/kg) are 
described in details in Chap. 14.

Following equation was developed for (2) critical velocity:

 (6.8)
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Equation (6.9) relates to the maximum excess temperature ∆Tmax
depending on 

which ventilation region is obtained. The effective tunnel height, Hef , is defined as 
the height from the bottom of the fuel source to the ceiling, that is H H hef fo= − , 
where hfo is the height from tunnel floor to bottom of the fuel. For a HGV trailer, hfo 
can be set to 1.2 m. The effective radius of the fire source, bfo (m), can be obtained 
by estimating the projected area of the fuel, Ap (m2), /fo pb A π= . For a HGV 
trailer this can be the length of the trailer times the width of the trailer.

6.4.2  Calculation

Ingason and Li [34] came up with the following equations depending on the critical 
conditions for each type of conditions. For (1) visibility, Eq. (6.7) was simplified by 
using some experimental constant:

 (6.10)

where ζ = W/H is the aspect ratio, and the critical velocity using Eq. (13.4) was as-
sumed.

For (2) critical velocity, Eq. (6.8) was simplified by using some experimental 
constants and by using Eq. (13.4):

 (6.11)

For (3) maximum excess ceiling temperature, Eq. (6.9) was simplified by using 
some experimental constant and assuming a critical velocity (Eq. (13.4)) in the 
tunnel:

 (6.12)

In Fig. 6.5, Eqs. (6.10)–(6.12) are plotted for a wide range of tunnel heights ( H) 
and widths ( W) of tunnels. The input parameters are Ap = 25 m2 (corresponds to 
10 m long trailer which is 2.5 m wide), hfo = 1.2 m, which is a typical height of 
the loading area for a HGV trailer and two aspects ratios, ζ = 1–3. The excess ceil-
ing temperature is 1350 °C. The obtained HRRs are the minimum design fire for 
three different applications and all show a significant influence of the tunnel ceiling 
height, H. Therefore, this parameter is the single most important parameter for the 
fire safety design of a tunnel. Other parameters of importance are the tunnel aspect 
ratio, ζ = W/H which is important for the visibility but W has no influence on critical 
velocity and excess ceiling temperature. The geometrical parameters of the fuel, 
Ap and hfo, were found to be important for the excess ceiling temperature, ΔTmax. In 
general, the aspect ratio is a parameter that needs to be considered, but its influence 
varies.

5/20.15visQ Hζ= ⋅

Q Hcv = 0 165 5 2. /

( )5/34 1/6
max11.3 10T p foQ T A H H h
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The lowest HRRs needed to obtain critical conditions in 2.5 m high tunnels is 
in the range of 2 5 MW. Generally, it was found that the minimum HRRs to obtain 
critical conditions in 7 m high tunnels varies from 20 to 130 MW. In all cases, the 
longitudinal velocity in the tunnel corresponds to the critical velocity. This is a very 
interesting result, as most designers determine their design fires without any type 
of relation to the geometry of the tunnel or the fuel. The type of vehicle decides the 
design fire and that can be compared to these results.

Analysis of the equation used in NFPA 502 [2] for critical velocity, Eq. (3.13), 
where the critical velocity continues to increase as a one third power relation of the 
HRR, and not becomes constant as with use of Eq. (13.4), indicates that for HRRs 
above the highest obtained design fire QT = 130 MW the increase in critical velocity 
using 130 MW instead of 200 MW for heights varying from 2.5 to 7 m, is in the 
range of 1–8 %, respectively. If the same comparison is made for an increase from 
130 to 300 MW, the change in calculated critical velocity with Eq. (3.13) is 2–13 %. 
This shows that even for Eq. (3.13) used in the NFPA502 standard, the increase in 
calculated critical velocity is moderate above the value of 130 MW as a design fire. 
Consequently, the choice of a design fire higher than 130 MW will not significantly 
change the results. In the calculations, an aspect ratio ζ = 2 was used.

Of the three different equations derived, Eq. (6.12) yields the highest HRR. This 
is reasonable and should be considered in the design process for the construction. 
The equation is also very useful in showing the connection between the HRR and 
the standardized time–temperatures. To demonstrate this, an example is given in 
Fig. 6.6 using the standardized time–temperature curves such as ISO, HC and RWS. 
The corresponding HRR for a tunnel which is 7 m high are calculated. Other param-
eters used were hf = 1.2 m, Ap = 25 m2 and T0 = 20 °C.

Fig. 6.5  Plot of different design fires for different tunnel heights between 2.5 to 7 m [34]
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The method presented here is very useful tool to estimate the range of minimum 
design fires for a given tunnel. The values obtained should be put in relation to the 
actual fire load, that is, the vehicles used in a given tunnel. In other words, an analy-
sis of the potential fire load that will travel through the tunnel should also be carried 
out. If the tunnel height is relatively low, there is no reason to choose a design fire 
that is far above the one obtained by the concept given here. On the other hand if the 
tunnel height is large, there is no reason to choose a design fire that is much lower 
than the one calculated here, especially if the fire load analysis indicates that the 
potential for such a fire exists for the tunnel. Altogether, the process has to be put 
into a context based on the purpose of the design.

6.5  Summary

Design fires are presented for different types of vehicles. Both constant values as 
well as time dependent values are given. The values correspond well to what is 
found in the experimental data from different types of tunnels. Mathematical rep-
resentations of different types of design fire curves are given and discussed. These 
are linear curves, quadratic curves and exponential curves. The complexity of these 
expressions varies. Although, the simplest one is the linear representation the equa-
tions are discontinuous, and different equations are valid for different periods of 
the fire development. This representation is most far away from real fire curves 
obtained from experiments. Improvement is obtained by the quadratic equations, 
but still it is divided into different equations for different time periods. Although 

Fig. 6.6  Plot of calculated HRR for some standardized time–temperature curves at the critical 
velocity [34]
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the exponential curve is the most complicated from the point of view of parameters 
used, it has the benefit that it can describe the entire fire development. It can also be 
easily put into a data sheet and used as a summation of numerous objects burning. 
This makes it easier to reconstruct an entire fire in a vehicle, focusing on each main 
component that is burning. Examples of such reconstructions are given, with very 
good results.

Finally, a new concept for design fires is presented which is a very useful tool to 
estimate the range of design fires for a given tunnel. The minimum values obtained 
should be put in relation to the actual fire load for a given tunnel. The method shows 
that the tunnel height is the single most important parameter influencing the choice 
of a design fire. This is important to consider in the design of tunnel fire protection. 
Low tunnel heights require lower HRRs to obtain the same conditions as in tunnels 
with higher tunnel heights. It is possible to use the obtained equations to calculate 
what HRRs are necessary to obtain a given standardized time–temperature curve 
for ISO, HC, RWS, RABT or HCM. This provides the key to a clear discussion 
between designers of ventilation systems and the tunnel construction.
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Chapter 7
Combustion Products from Fires
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Abstract Knowledge of the different species produced during fires is of great 
importance for estimating the toxicity of the fire gases. In this chapter the main 
combustion products from different types of fires are presented. This includes car-
bon monoxide (CO), carbon dioxide (CO2), hydrogen chloride (HCl), sulphur diox-
ide (SO2), volatile organic compounds (VOCs), polycyclic aromatic hydrocarbons 
(PAHs), polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDDs/PCDFs), 
total amount of hydrocarbons (THC) and soot/smoke, but yields also for some other 
species are presented. Results from measurement during fire tests in vehicles and 
tunnels are summarized and discussed. The importance of the ventilation conditions 
(equivalence ratio) on the productions of different species is described and relations 
for different yields and ratios are given and discussed.

Keywords Combustion products · Carbon monoxide · Carbon dioxide · Smoke · 
Ventilation conditions · Equivalence ratio · Yield · Species

7.1  Introduction

The reason for fatalities in fires is most often due to inhalation of fire gases. In sev-
eral of the catastrophic fires presented in Chap. 1, people were found dead in their 
cars. Increased temperature can, however, affect both the physical health and the 
capacity to escape. Among the fire effluents, carbon monoxide (CO) is seen to be 
the most important component responsible for causing fatalities, even if the effect 
of hydrogen cyanide (HCN) has been much discussed during recent years [1–4]. In 
a comprehensive review, Nelson showed that even if high blood concentrations of 
HCN were found in fire victims, most fatalities can be explained by the CO concen-
tration [5]. Furthermore, carbon dioxide (CO2) has an important effect on tenability, 
not only by being toxic at high levels, but mostly by increasing the uptake of other 
fire gases, for example, CO, due to increasing the breathing rate.

Even if fire gases do not always lead to fatalities, sublethal effects, for example, 
incapacitation, reduced egress speed, reduced motor capability, decreased mental 
acuity, and visual obscuration are also important [6]. Further, many effluents can 
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cause long-term or chronic effects, which is of particular importance for firefighters 
and rescue personal.

Another issue becoming increasingly important in the context of fire emissions 
is the effect on the environment and emissions which may pose potentially long-
term hazards to health. Even if they have not typically been considered to be central 
issues for fires in tunnels, this is an issue related to all fires. More detailed aspects 
of toxicity and tenability are presented and discussed in Chap. 15.

In the design of tunnel ventilation, even the ventilation of gases in a nonfire situ-
ation is an important issue. That is in most cases the main reason why ventilation 
systems are installed in tunnels in the first place. Traditionally, the concentration of 
CO exhausted from the vehicles has been used to design the ventilation systems, 
but because of the development of new vehicles and new fuels, the emissions of CO 
has decreased significantly [7]. For this reason, concentrations of other species, for 
examples, NOx (most often with a guideline concentration for NO2) have also been 
included in the design of the ventilation system.

This chapter discusses what species are produced during a fire and how different 
parameters and conditions, that is, the ventilation conditions and temperature, affect 
the production. Not only acute toxic species are included in the discussions, but also 
the production of species interesting for other reasons.

7.2  Combustion and Fire Chemistry

Fire is a field of combustion, often referred to as uncontrolled combustion. Com-
bustion involves a large number of elementary (intermediate) reactions. These dif-
ferent reactions (steps) can be grouped depending on whether or not free radicals 
are formed or consumed in the reactions. Free radicals are atoms, molecules, or 
ions that have unpaired valence electrons or an open electron shell and, therefore, 
in most situations are highly reactive. The following types of reaction can be identi-
fied, here exemplified with reactions in the hydrogen–oxygen system [8, 9]:

1. Chain initiating step:

The reaction chain starts with an initiating step where free radicals are formed.
Free radicals (in the reactions marked with a dot) are produced from stable spe-

cies, for example:

 (7.1)

2. Chain propagating (or carrying) steps

A radical reacts with stable species to form a new free radical, for example:

 (7.2)

2 2H  O   2 OH·+ =

2 2OH·  H   H O  H·+ = +
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3. Chain branching step:

A free radical reacts with a stable species forming two free radicals, that is, the 
number of free radicals increases, for example:

 
(7.3)

4. Chain terminating step

Free radicals react to form stable species, that is, free radicals are “consumed”, for 
example,

 (7.4)

Even for relatively simple fuels, there are a large number of elementary reactions, 
often combined in complex reaction schemes. It is not the aim of this chapter to in 
detail discuss these elementary reactions. Instead the simplified “global” reaction 
will be discussed and how this reaction is affected by the fire conditions and how 
these conditions influences what species are produced during a fire.

If a hydrocarbon fuel, with or without oxygen, is involved in the fire and com-
plete combustion is assumed the following global reaction can be written:

 

(7.5)

In a combustion reaction energy is also released and from the global reaction the 
heat of combustion can be derived (for example, by assuming all H2O being re-
leased in gas phase). The fuel can also contain other elements (N, S, Cl, Br, etc.). In 
those cases it must either be known or assumed what species are formed.

In Sect. 7.5, the effect of ventilation conditions on the production of different 
species is presented. For this often the equivalence ratio, φ, is used. To calculate this 
parameter, the ideal reaction stoichiometric air to fuel ratio for complete combus-
tion, r, can be used. This parameter is defined by:

 (7.6)

For complete combustion it is assumed that there is exactly enough air for the fuel 
to completely (ideally) react and produce CO2 and H2O as described by Eq. (7.5). 
These conditions are called stoichiometric and the stoichiometric coefficient, r, can 
be calculated (using the notation in Eq. (7.5)) as1:
 

(7.7)

1 See also Eq. (2.13).

2H·  O   OH·  O·+ = +

22 H H  ⋅ =
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where the molecular weight, Mi, for air and different atoms are given in Table 7.1.
Note that r in some literature is defined as the stoichiometric fuel to air ratio.
The equivalence ratio, φ, which is the quotient between the actual fuel/air ratio 

and the stoichiometric fuel/air ratio, is here defined as2:

 
(7.8)

where
φ = 1 stoichiometric combustion
φ < 1 well-ventilated combustion
φ > 1 under ventilated combustion

where mf  is the mass loss rate of the fuel (kg/s) and ma
 is the mass flow rate of air 

(kg/s) and the subscript “stoich” refers to these values under stoichiometric condi-
tions. Note that to calculate φ, also the quotient of the actual fuel/oxygen ratio and 
the stoichiometric fuel/oxygen ratio could be used.

As discussed in Chap. 2, there are different terms used for different ventila-
tion conditions. The situation when more air (oxygen) is available than is needed 
for stoichiometric combustion, is referred to as overventilated, well-ventilated, fuel 
lean, or fuel controlled. If insufficient air is available for stoichiometric combustion 
the situation is termed under ventilated, vitiated, fuel rich, or ventilation controlled. 
Note that in some publications the words do not mean exactly the same thing. In this 
chapter, the terms well-ventilated (fuel controlled) and under ventilated (ventila-
tion controlled), respectively, are mainly used and are related to the whole system. 
Even under well-ventilated conditions, the geometric conditions and flow pattern 
can be such that fresh air does not reach the combustion zone. Such a situation is 
here referred to as locally under ventilated. In Sect. 7.5, the effect of the ventilation 
conditions on the production of different species are further discussed.

2 see also Eq. (2.14).

( )
.

f a f

af a stoich

m m m r

mm m
φ

⋅
= =

  



 

Table 7.1  Molecular weight of selected species and concentration of main components in air
Species Molecular weight Concentration in air 

(vol-%)
Reference

Carbon dioxide, CO2 44.010 0.04 [10, 11]
Carbon monoxide, CO 28.010 – [10]
Carbon, C 12.011 – [10]
Oxygen, O2 31.999 20.946 [10, 12]
Nitrogen, N2 28.013 78.084 [10, 12]
Argon, Ar 39.948 0.934 [12, 13]
Air (dry)a 28.967
a Based on the concentrations and molecular weights given in the table
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To be able to relate the produced amount of a certain species to the consumed 
mass of fuel, it is of interest to know the net heat of combustion, ΔHc (kJ/kg), which 
is defined as the enthalpy change for a complete reaction where 1 kg fuel reacts with 
O2 to yield CO2 and H2O at a given temperature and pressure (298 K and 1 atm, 
respectively), that is, the difference between the total enthalpy of formation of the 
products and the total enthalpy of formation of the reactants. By default, the heat 
of combustion used here corresponds to product of water in vapour form (often 
referred to as net heat of combustion). To find ΔHc the following expression is used:

 
(7.9)

where ΔHc is the enthalpy of formation (kJ/kg).
If energy is released from the reaction, ΔHc will be negative, but note that in 

many tables for different fuels, heat of combustion is given as a positive value. If 
now the heat of combustion is known (or assumed to be an average value) and the 
heat release is measured, the mass loss of fuel, mf , can be calculated as

 
(7.10)

where Q is the heat release rate (HRR) (kW) and χ is the combustion efficiency. 
Through substitution of Eq. (7.10) into Eq. (7.8), one obtains:

 
(7.11)

Hugget showed that ΔHc/r is approximately 3000 kJ/kg, consumed air for most 
carbon-based materials [14]. This leads to the equation3

 
(7.12)

if the HRR is given in kW.

7.3  Yields

To compare the emissions from different materials, yields, Yi (kg/kg), are introduced 
and widely used (in most of the tables in this chapter they are given as g/kg). This 
means the ratio between the mass mi (kg) of a compound i generated by the combus-
tion of a certain mass of material (fuel):

3 See also Eq. (2.17).
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(7.13)

where mi
is the production rate of compound i (kg/s) and mf  is the mass loss rate 

of fuel (kg/s), Δmf is the total fuel mass loss (kg) during the studied test period. 
Equation (7.13) shows that one can use either mass flow rates, mi

, or total mass, 
mi, of the produced species to calculate the yield. However, one must realize that 
the latter method gives some overall average results and that different materials 
might be consumed at different times during the fire (or experiment). Therefore, the 
results obtained might be more useful if these differences could be resolved. In this 
section, examples of yields of different products from some common materials are 
presented. Much of the yields below were summarized by Lönnermark et al. [15].

Yields of CO from some common materials used in fire experiments in different 
scales are presented in Table 7.2. The yields in the table, as well as most of the other 
tables in this chapter are given with the unit g/kg. Note that the yields in large-scale 
tests generally are higher than the yields in the small-scale tests. These differences 
could be due to scaling effects, geometrical differences or differences in ventilation 
and combustion conditions. It should, however, be noted that the large-scale values 
in Table 7.2, are based not only on experimental values but also on considerations 
of chemical composition and experimental conditions.

Hertzberg et al. tested in the cone calorimeter (ISO 5660-1 [18]) a large number 
of different materials [19]. The yield of particles can be found in Table 7.3.

Butler and Mulholland [20] made a summary of smoke yields (can probably be 
described as soot yield, but the wording of the authors has been used here) from dif-
ferent plastic materials. A selection of their data is presented in Table 7.4. Yields of 

ori i
i i

f f

m m
Y Y

m m
= =

∆




Table 7.2  Yields of CO (g/kg) for different experimental set-up and varied combustion conditions
Material Large-scale testsa [16] Small-scale methodb [17]
Wood 58 5c

Paper 58
Textiles 51
PVC 116 63
PUR 160 20–50d

Polystyrene 220 60
Polyethene 60 24
a  Values taken from a summary of yields during large-scale fire tests. Ventilation conditions 

might have been different between the different tests performed in large-scale and small-scale
b ASTM E2058 fire propagation apparatus
c Pine
d Rigid PUR
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CO, CO2, total hydrocarbons, and smoke from different plastic materials, based on 
small-scale experiments, are summarized in Table 7.5.

Tewarson [17] presents yields for CO, total hydrocarbons and smoke for a large 
number of materials based on small-scale tests. The yields for some liquid fuels are 
given in Table 7.6.

Material Particle yield (g/kg)
FR4, brominated laminate 139
Polystyrene (EPS) 126
Teflon-cable 102
Carbon fibre laminate 83
PVC (floor) 57
Polyethene-cable 51
50 % PVC + 50 % Teflon cables 42
PVC-cable 39
Bitumen 38
Polyethene pellets 35
Stone wool 30
Optic cable 29
Glass wool 28
Polyurethane (PUR), rigid 26
Teflon pellets 25
Nitrile rubber 25
Wool (92 % wool, 8 % polyamide) 22
Melamine 18
Particle board 3.9
Wood 2.4

Table 7.4  Yield of smoke from different plastic materials [20]
Material Fuel surface (m2) Smoke yield (g/kg)
PMMA 0.006 15–18
Polystyrene 0.006 41
PVC 0.006 105–185
Rigid PVC 0.006 12
Polypropene 0.006 42
Rigid PUR 0.006 91
Flexible PUR 0.0225 34
HDPE 0.006 18–23

Table 7.3  Yield of particles 
from materials tested in the 
cone calorimeter [19]
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7.4  Emissions from Fires in Vehicles and Tunnels

There are a number of reports and papers on the issue of fires and the environment. 
Some of them present summaries of emissions from common materials or common 
types of fires [16, 21, 22], while others focus on emissions from fires in a more 
general sense or present results from single fires that have had a large impact on the 
environment [23–25].

The analysis of the smoke gases from an automobile fire (passenger car) shows 
that emissions with a potentially negative impact on the environment, or humans, 
are produced in significant concentrations [26]. Three separate, full scale fire tests 
were performed under SP’s large-scale (“industry”) calorimeter: a fire ignited and 
developed in the engine compartment; a fire ignited inside the vehicle that was ex-
tinguished in the early stages; and a similar fire ignited inside the vehicle that was 
allowed to spread until the entire vehicle was involved in the fire. Both fire gases 
and run-off water were analysed.

The emissions included HCl, SO2, volatile organic compounds (VOCs; for ex-
ample, benzene), polycyclic aromatic hydrocarbons (PAHs), and polychlorinated 

Table 7.6  Yield of CO, hydrocarbons and smoke from some common liquid fuels (g/kg). The 
values come from small-scale tests [17]
Material CO Hydrocarbons (HC) Smoke
Methanol 1 – –
Ethanol 1 1 8
Isopropyl alcohol 3 1 15
Acetone 3 1 14
Heptane 10 4 37
Kerosene 12 4 42
Benzene 67 18 181
Mineral oil 41 12 97

Table 7.5  Yield of CO, CO2, total amount of hydrocarbons (THC) and smoke for some common 
plastic materials (g/kg) [17]
Material CO CO2 THC Smoke
ABS 105
PMMA 10 2120 1 22
Polyethene 24 2760 7 60
Polypropene 24 2790 6 59
Polystyrene 60 2330 14 164
Nylon 38 2060 16 75
PVC 63 460 23 172
EPS 54 1900
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dibenzo-p-dioxins and dibenzofurans (PCDDs/PCDFs). The definition of VOC of-
ten depends on the sampling/analysis method, but typically include species with 
molecular masses between 75 and 200 g/mol. Sources of chlorine in the vehicle for 
production of HCl and PCDDs/PCDFs included, most probably: upholstering ma-
terials, dash board components, and electrical wirings, as indicated from the small-
scale experiments conducted on selected materials from an automobile similar to 
that used for the full scale automobile fire.

Aldehydes and isocyanates were also found in the smoke gases, both com-
pounds with well-documented short-term and long-term effects on humans. Other 
toxic compounds included: HCN and SO2. These compounds have a direct effect 
on people and are of concern for rescue personal and others exposed to smoke from 
vehicle fires. The health effects, especially time to incapacitating dose for some of 
the gases, are further discussed in Chap. 15.

The particles emitted from the fire had a particle size distribution with a high 
number of particles with a diameter below 1 µm. Such small particles can be trans-
ported far from the location of the fire and are respirable, implying that the body’s 
defence system against particles (in the nose and throat) cannot provide adequate 
protection. Analysis of the content of the fire-generated particles revealed that these 
contained high concentrations of zinc, lead, and chlorine.

Analysis of extinguishing water showed that this was severely contaminated, 
containing elevated levels of both organic compounds and metals. Comparison with 
data from other vehicle fires found in the literature showed that contamination of 
lead, copper, zinc, and antimony appear to be significant in water run-off from these 
types of fires.

Within the EUREKA EU499 project [27] the release of PCDD/Fs and PAHs 
were analysed in connection with some of the tests: an old car (1974), a new car 
(1988), a German subway carriage, and a Deutsche Bahn wagon with a steel body 
and a modern InterCityExpress (ICE) interior [28], see further Chap. 3, Sect. 3.3.7. 
The release into the tunnel was estimated by using 1 m2 passive collectors (cotton 
and steel, respectively) and active sampling at different positions along the tunnel. 
In addition, the fire residue was analysed. In Table 7.7 the releases of PCDD/F 
and PAH into the tunnel from the different vehicle fires are summarized. To better 

Table 7.7  Emissions of PCDD/F and PAH from vehicle fires in a tunnel and PCDD/F found in the 
fire residue [28]. The values are divided by the energy content
Vehicle Qtot Fire residue PCDD/F Tunnel PCDD/F Tunnel PAH

GJ mg I-TEQ mg I-TEQ/GJ mg I-TEQ mg I-TEQ/GJ g g/GJ

Old car 6 0.012 0.002 0.032 0.0053 13 2.2
New car 9 0.008 0.00089 0.044 0.0049 27 3.0
Subway 
carriage

41 0.54 0.013 2.0 0.049 NA NA

ICE-
wagon

77 1.1 0.014 9.2 0.12 NA NA
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compare the results with results from other tests, the values have been normalized 
relative to the energy content of each vehicle. The results show that the PCDD/F 
from the subway carriage and the ICE-wagon are similar and that these results are 
approximately one order of magnitude larger than those from the passenger cars. 
Corresponding values obtained in the passenger car fires described above [26] were 
0.023 mg I-TEQ/GJ (0.0868 mg I-TEQ in total) for PCDD/F and 31.3 g/GJ (119 g 
in total) for PAH, that is, almost an order of magnitude higher than for the cars 
reported by Wichmann. Apart from actual differences in production between the 
tests, there are two other possible explanations for the differences. There might be 
higher collection efficiency in the tests performed beneath the industry calorimeter. 
There is also a difference in how the total energy was calculated. In the case of the 
EUREKA 499 tests, the energy content was estimated from the composition of the 
fuel load, while in the test presented by Lönnermark and Blomqvist [26] the total 
energy was calculated from the heat release measurements. This latter difference 
is, however, relatively small. A comparison with the integrated values available for 
the subway carriage and the ICE-wagon [29], show that the estimated total energy 
content is approximately 10 % higher than the integrated HRR value for the subway 
carriage and approximately 30 % higher for the ICE-wagon.

Lönnermark and Blomqvist [26] present yield result from fire tests with a car and 
materials from a car. The emissions of the main combustion products from selected 
materials are listed in Table 7.8. The materials were selected to represent the most 
abundant combustible materials in the car. There was no information available on 
the amount of respective material in the car. However, in the work done by Persson 
et al. [22] one assessed that, for example, 9 % of the plastic material of an automo-
bile was PVC and 17 % was PUR.

The test set-up used for the small-scale fire tests was the closed 0.5 m3 chamber 
described in ISO 5659. The 75 × 75 mm horizontally mounted sample was exposed 
to two different levels of external radiation in consecutive tests. A lower radiation 
level of 25 kW/m2 was applied to generate pyrolytic conditions, and a higher level 
of 50 kW/m2 was applied to give conditions of flaming combustion.

The yields of the inorganic gas components from the full scale tests with a car 
are presented in Table 7.9.

Much referred to is the work by Lemieux et al. [30–33]. During tests with pieces 
of car tyres, measurements were made of VOC, semi-VOC, particles, PAH, and 
some metals. In the tests either “chunk”, (1/4–1/6 tires) or “shred” (5.1 × 5.1 cm) 
tires were combusted in a “burn pit” [32]. In total 13.6 kg (approximately two tires) 
were placed on a scale. Between 4.5 and 9.0 kg was combusted. In Table 7.10, se-
lected results from the VOC analyses are presented.

Conesa et al. [34] performed pyrolysis experiments in laboratory scale with 
pieces of car tyres. The pieces had a diameter of approximately 4 mm. The flow 
of fuel was 0.5 g/min. By controlling and varying a flow with a mixture of O2 and 
N2, yields under different conditions (pure N2 or 10 % O2) could be calculated. Also 
the temperature was varied: 450, 750, and 1000 °C. The main species found were 
CO2, CO, H2, methane, ethane, propane, propene, isoprene, benzene, and toluene. 
The results are presented in Table 7.11. There is a clear function of the temperature, 
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Table 7.8  Yields of compounds generated by the combustion of materials found in cars. Results 
from small-scale tests [26]
Car component Test 

condition
CO2 
(g/kg)

CO 
(g/kg)

HCN 
(g/kg)

NO 
(g/kg)

NH3 
(g/kg)

HCl 
(g/kg)

SO2 
(g/kg)

Door panel Pyrolytic 410 43 2.1 – – 120 –
Flaming 1500 72 2.9 7.4 - 160 –

Component from 
ventilation system 
(polymer)

Pyrolytic – 360 – – – – –
Flaming 2100 27 – – – – –

Floor material 
(carpet)

Pyrolytic – 49 4.9 – – – –
Flaming 2400 43 0.9 9.5 – – –

Dashboard Pyrolytic 260 25 3.8 – – – –
Flaming 1800 23 1.2 6.4 – – –

Upholster material 
from driver’s seat

Pyrolytic 250 43 1.7 – – 51 –
Flaming 1800 78 2.4 5.7 0.4 66 9.9

Upholster material 
from back seat

Pyrolytic – 26 3.9 – – – –
Flaming 1700 88 5.3 7.5 0.35 8.1 10

Lacquered plate 
from car body

Pyrolytic – 21 – – – – –
Flaming 610 96 2.7 – – – –

Electrical wirings Pyrolytic 260 32 – – – 340 –
Flaming 1100 86 – – – 390 –

Tyre Pyrolytic – 81 – – – – 21
Flaming 1400 30 – – 2.3 – 11

Table 7.9  Yield for inorganic gas components during full scale tests with a car [26]
Species Total amount (kg) Yield (g/kg)
CO2 265 2400
CO 6.9 63
HCN 0.17 1.6
HCl 1.4 13
SO2 0.54 5.0

Table 7.10  Yields of selected VOC species from pieces of car tyres during small-scale tests, 
sampled with two different methods: VOST (Tenax-GC) and XAD-2, respectively [32]
Species Yield (Chunk) (g/kg) Yield (Shred) (g/kg)
VOST (Tenax-GC)
Benzene 2.16 2.20
Phenol 0.0005 0.014
Total 11.2 13.1
XAD-2
Biphenyl 0.21 0.33
Phenol 0.37 0.70
Total 8.37 16.3
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especially for the last three species. They were, however, analyzed only in the gas 
phase and the total emissions could have been higher.

Vianello et al. [35] developed a scale-model car (scale 1:30) to perform fire tests 
in a scale tunnel (total length 5.0 m, radius 0.15 m, height from the floor to the apex 
0.21 m, and width 0.30 m). The tunnel was naturally ventilated. The main purpose 
of the test series was to study the temperature profiles in the tunnel and compare 
with real scale. During the tests, however, samples for gas analyses were also ex-
tracted. Four different types of adsorber/filter were used: Tenax, XAD-2, Silica gel, 
and PTFE/glass fibre. The results are presented in Table 7.12.

Lemieux et al. [33] presented average values to represent yields from cars, boats, 
and trains for the following species: CO (62.4 g/kg), particles (50.0 g/kg) and NO 
(2.0 g/kg).

In the Runehamar tunnel large-scale tests, mixtures of cellulose and plastic mate-
rials were used as fuels [36–38]. The test data clearly show that the production rate 
of CO2 increases linearly with the HRR (see Fig. 7.1). The relation can be expressed 
as [36]:

 (7.14)

where the HRR is given in MW.
Note that different materials were used in the Runehamar tunnel fire tests, in-

cluding wood pallets, PE materials, PUR mattresses, furniture, and paper cartons 
with polystyrene cups. It seems that for these types of materials the production 
rates of CO2 are independent of the materials and only dependent on the HRR. The 

2
0.087COm Q= 



Table 7.11  Yields of selected species in gas phase from pyrolysis tests in laboratory scale with 
pieces of car tyres (g/kg) [34]. Two different atmospheres were used: 100 % N2 and a mixture of 
90 % N2 and 10 % O2. Values are average of two tests if not else stated

Species 450 °C 750 °C 1000 °C
0 % O2 10 % O2 0 % O2 10 % O2 0 % O2 10 % O2

CO2 34 85 41 100 18 45
CO – 47 12a 36 13 89
H2 0.5 2.9 3.5 4.0 10 13.8
Methane 6.5 11 46 48 79 38
Ethane 2.4 1.3 11 11 1.1 0.4
Ethene 3.9 1.7 24 28 7.1 3.1
Propane 0.9 0.8 1.4 1.4 0.02a –
Propene 2.2 1.0 11 16 0.34 0.06
Isoprene 29 3.6 7.2 3.0 0.15a –
Benzene – – 43 45 87 77
Toluene 0.03 15 25 21 – 0.03
a Detected only in one test
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reason could probably be that the main fire load consisted of the cellulose materials 
and that the combustion efficiency was high during large portions of the tests.

However, there was no simple correlation between the production rate of CO and 
the HRR (see Fig. 7.2). The production rate of CO strongly depends on the type and 
geometry of the fuels, which influence the access of air and local ventilation and 
burning conditions. Most of the CO was produced at the beginning of each test in 
the Runehamar tunnel fire tests when the combustion seems to have been less ef-
ficient and in the rest of each test the combustion appears to have been very good, 
with the possible exception of the test T2, which involved PUR. The short period 
of less efficient combustion was, however, enough to have significant influence on 
the CO results.

Compound Concentration
Tenax adsorber [mg/m3]
Benzene 0.415
Toluene 0.380
Ethyl benzene 0.015
p-zilene 0.056
m-xilene 0.053
o-xilene 0.027
XAD-2 adsorber [mg/m3]
Naphtalene 0.607
Acenaphtylene 0.136
Silica gel adsorber [µg/m3]
HF 0.087
HCl 0.165
HNO3 0.707
H2SO4 0.790
PTFE filter and glass fibre [mg/m3]
Anthracene 0.576
Fenanthrene 0.587
Fluoranthene 0.536
Pyrene 0.437
Benzo[a]anthracene 0.172
Crisene 0.191
Benzo[a]pyrene 0.128
Benzo[b]fluoranthene 0.169
Benzo[k]fluoranthene 0.136
Indeno[1, 2, 3-cd]pyrene 0.114
Benzo[g, h, i]perylene 0.095

Table 7.12  Results from 
sampling during fire in a 
scale-model car in a scale 
tunnel [35]
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Fig. 7.2  The production rate of CO as a function of the HRR from large-scale tests in the Rune-
hamar tunnel [36]

 

Fig. 7.1  The production rate of CO2 as a function of the HRR from large-scale tests in the Rune-
hamar tunnel [36]
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7.5  Effect of Ventilation Condition

The ventilation conditions are important for the chemical production and the haz-
ards (see Chap. 15). In an under ventilated fire situation the yield of major toxicants 
(for example, carbon monoxide and hydrogen cyanide) is greater, compared to well-
ventilated conditions. Furthermore, the total volume of effluents is greater [39].

The ventilation is an important means to affect, and hopefully improve, the con-
ditions in a tunnel. Longitudinal ventilation can improve the conditions upstream 
of the fire significantly, making it possible for the rescue service to reach the fire. 
It is, however, important to remember that the situation downstream of the fire can 
be exacerbated by the ventilation. In Norway, at least at some places, the ventila-
tion is used as a part of the firefighting tactics where in case of fire the ventilation 
is used in a predefined direction [40]. Two reasons in particular are given for this 
methodology: first, the firefighters know in advance the ventilation direction in the 
tunnel and thereby what portal to attack the fire from, and second, the conditions 
downstream of the fire are assumed to be of no danger to people being in this part 
of the tunnel, due to dilution of the fire gases. This strategy is partly based on the 
results from the experiments with two passenger cars in the Byfjord tunnel in 1998 
and the Bømlafjord tunnel in 2000. These results showed that downstream of the car 
fires, the concentrations of CO and NOx were not life threatening [41].

In a Swedish study concerning the HRRs from tunnel fires, the ability of the 
rescue service to rescue people from the tunnel and to attack the fire, and the pos-
sibility for people to escape from a tunnel fire showed that the two main effects of 
longitudinal ventilation on the conditions during a tunnel fire is an increase of the 
growth rate of the fire and an increased dilution of the gases [42].

The ventilation conditions can be described by the equivalence ratio as defined 
in Sect. 7.2 and Eq. (7.8). The local ventilation conditions can be very important 
for the combustion process, but in cases where the spatial variation either can be 
assumed to be small or when it is difficult to resolve the variations, the overall com-
bustion process is often studied instead. In such cases φ can be defined in a more 
general sense using the equivalence ratio for the total combustion process. This is 
usually referred to as the global equivalence ratio (GER). Originally, the GER was 
defined as the ratio of the mass of gas in the upper layer in an enclosure derived 
from the fuel divided by that introduced from air, normalized by the stoichiometric 
ratio [43]. Beyler, who was the first to correlate the species concentrations in the 
upper layer with the equivalence ratio, used a variant called the plume equivalence 
ratio defined as the ratio of the fuel volatilization rate to the air entrainment rate, 
normalized by the stoichiometric fuel to air ratio [44–46]. In the work presented 
by Blomqvist and Lönnermark [47], the definition of the GER is the ratio between 
the mass loss rate of the fuel and the mass flow of oxygen entering the combustion 
room normalized by the stoichiometric ratio.

In order to measure the GER in the two different test rooms used by Blomqvist 
and Lönnermark, a device called “the phi meter” [48, 49], was constructed. The 
essential parts of the phi meter are the combustor, into which the fire gases and 
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additional pure oxygen are introduced, and the O2 analyser. Complete combustion 
of the fire gases is achieved in the combustor by the high temperature (1000 °C 
was used in these specific tests) and by using a platinum catalyst and additional 
oxygen. The readings on the O2 analyser are compared with background measure-
ments without fire gases through the phi meter. A simple computation gives the 
equivalence ratio [47].

There are not many cases reported on measured under ventilated conditions in 
fires in tunnels. Most cases reported can probably be said to be either fuel controlled 
or ventilation controlled (for example, see [50]). The latter correspond to a case 
where limited ventilation leads to a decrease (or control) in the fire size, but if the 
temperature is high, a continuous mass loss can lead to under ventilated combus-
tion. Among the large-scale fire test series, the one in the Ofenegg tunnel is an 
obvious example of the effect of the ventilation (see Chap. 3), but that case was also 
rather special due to the blockage at one end of the tunnel.

Ingason [51, 52] performed fire tests in a model tunnel (1.08 × 1.2 × 10.96 m3) to 
study the effect of the ventilation on the fire behaviour. Under ventilated conditions 
were of special interest and both naturally ventilated and forced ventilated scenarios 
were studied. In the first series of tests with naturally ventilated scenarios the fire 
size and the size of the inlet opening were varied, while in the second series of tests 
with forced ventilated scenarios the fire size and the flow rate of incoming air were 
varied. The author described the difficulty in achieving under ventilated condition. 
The transition to such conditions is highly dependent on the temperature and the 
thermal feedback to the fuel. This was also seen in the test series described by Lön-
nermark et al. [53], where a case with 0.5 m2 chlorobenzene (test CB3) gave a very 
slow developing fire inside a room. The fire reached high temperatures and under 
ventilated conditions first after approximately 35 min. Increasing the pool size to 
0.8 m2 (test CB4) gave a significantly different fire development with much higher 
temperatures and under ventilated conditions after approximately 6 min. This illus-
trates the importance of the fire size. In a tunnel with forced ventilation, the flame 
tilt also influences the thermal feedback and thereby the fuel mass loss rate.

In the test series presented by Ingason [51, 52] some of the tests, however, be-
came under ventilated. Gas compositions (CO, CO2, and O2) were analysed at three 
different heights (0.15, 0.5, and 0.9 m below the ceiling), 4.5 m downstream of the 
centre of the fire, which was situated 1.5 m from the tunnel entrance. The results 
were presented as ΔCO/ΔCO2 ratios, which is the ratio between the increase in CO 
volume concentration and increase in CO2 volume concentration. Note that in some 
of the work referred below instead the ratio between the actual CO volume con-
centration and the actual CO2 volume concentration (CO/CO2 ratio) was used. The 
version used in the original publication has also been used in this chapter.

In most of the tests presented by Ingason, the ΔCO/ΔCO2 ratios were rather 
similar at the different sampling heights. The ratio was, however, often somewhat 
higher in the highest position (0.15 m below the ceiling) during some period of the 
tests. In a few cases the ΔCO/ΔCO2 ratio was highest in the lowest position (for 
example, in test 2 and test 8). In Fig. 7.3 the ΔCO/ΔCO2 ratios for heptane pool 
fires are presented as a function of the equivalence ratio. The values were chosen 
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to be representative values for the position with the highest ΔCO/ΔCO2 ratio at the 
selected time. Note that Ingason used an equivalence ratio based on the air to fuel 
ratio, while throughout this book all equivalence ratios (including those presented 
in Fig. 7.3) are based on fuel to air ratios. Two different cases are represented in 
the figure: natural ventilation and forced ventilation. The values of the ∆CO/∆CO2 
ratios were determined at the time when the mass loss rate was at its maximum for 
each test. For the natural ventilation an exponential curve fit is included [54]. It fits 
the data points very well, but due to the limited number of points it should only be 
seen as an illustration.

The points for the forced ventilation show a pattern very different from that in 
the natural ventilation cases. All cases are well-ventilated, but the point at φ = 0.89 
shows features of under ventilated fires. This could have two possible explanations. 
There are studies that indicate that the CO production starts to increase well below 
φ = 1, at φ  ≈ 0.6 (see for example, [44, 43]).

Another explanation could be the flow pattern around the fire during forced ven-
tilation. The experimental results, especially the O2 measurements, show a signifi-
cant gradient with height, which indicates that even if the tunnel is well-ventilated 
it could be locally under ventilated in the combustion zone. The three-dimensional 
flow typically found close to the fire in a tunnel was illustrated by Ingason, showing 
the main ways for the flows of different density [55].

Fig. 7.3  ΔCO/ΔCO2 ratio as function of equivalence ratio for heptane pool fires performed by 
Ingason [51, 52]. The results are given both for natural ventilation and for forced ventilation. 
Included for illustration is an exponential curve fit of the natural ventilation data [54]. It is, how-
ever, based on only six data points
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Results from the experiments with xylene and methanol are summarized in 
Table 7.13. Compared to the experiments with heptane pool fires presented in 
Fig. 7.3, xylene results in high values and methanol in low values of ΔCO/ΔCO2 
ratios. This is in line with the results of Beyler [44] showing that oxygenated hy-
drocarbons produce small amounts of CO (expressed as yield) at low equivalence 
ratios. Aromatics (Beyler used toluene) on the other hand, produce a rather constant 
CO yield independent of the equivalence ratio; only a small increase was reported. 
This means that aromatics at low equivalence ratios produce relatively high CO 
yields and at high equivalence ratios produce relatively low CO yields. The varia-
tion in ΔCO/ΔCO2 ratio with equivalence ratio presented in Table 7.13 might be 
explained by a decrease in CO2 production.

Lönnermark et al. [53] performed under ventilated fire experiments in an en-
closure (the ISO 5705 room: 2.4 × 3.6 × 2.4 m3), where the size of the opening was 
varied. Five different fuels were used: Polypropene, Nylon 66, Tetramethylthiuram 
monosulfide, 3-Chloro-4 nitro-benzoic acid, and Chlorobenzene. In the paper by 
Blomqvist and Lönnermark [47] results are given for CO and other components 
in the fire gases, and their dependence on the equivalence ratio. For comparison 
with the results from model scale tunnel tests presented in Fig. 7.3, CO/CO2 ratios 
have been calculated from tests in the enclosure fires [53]. Note that here absolute 
concentrations have been used, and not changes from background values as in the 
case presented by Ingason.

In Fig. 7.4, CO/CO2 ratios for polypropene, Nylon 66, and chlorobenzene pool 
fires (polypropene and Nylon 66 were solid polymers in form of pellets) are pre-
sented as function of the equivalence ratio. For all three materials, results are pre-
sented for measurements both in the opening from the enclosure and in the exhaust 
duct connected to the hood collecting the fire gases. For illustration, an exponential 

Table 7.13  ΔCO/ΔCO2 ratio as function of equivalence ratio for xylene and methanol pool fires 
performed by Ingason [51, 52]
Fuel Ventilation Fire size [m2] Opening [m2] φ ΔCO/ΔCO2

Xylene Natural 0.3 × 0.3 0.3 × 0.3 0.37 0.20 (0.38)a

Xylene Natural 0.3 × 0.3 0.15 × 0.15 1.01 0.30 (0.41)a

Xylene Natural 0.3 × 0.3 0.1 × 0.1 1.94 0.36 (0.43)a

Xylene Natural 0.3 × 0.3 0.2 × 0.2 0.70 0.23 (0.31)a

Xylene Forced 0.3 × 0.3 0.2 (ø = 0.5 m) 0.15 0.15 (0.26)a

Methanol Natural 0.4 × 0.4 0.6 × 0.6 0.04 0.003–0.035b

Methanol Forced 0.4 × 0.4 0.2 (ø = 0.5 m) 0.02 − 0.01–0.02b

a The ΔCO/ΔCO2 ratio was highest in the beginning of the result period reported and then 
decreased; the maximum value (within parenthesis) is not used (see discussion of Fig. 7.2) but 
instead something closer to a steady state value
b The ΔCO/ΔCO2 ratio is varying significantly; therefore a range is given (including all the three 
heights)
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curve-fit for the results from the opening for polypropene is included. This fit seems 
to be qualitatively representative for the other cases also, even if there are differ-
ences between the materials.

The effect of combustion outside the opening during under ventilated conditions 
can be seen for Nylon 66. This effect is also obvious for chlorobenzene. For heptane 
the CO/CO2 ratio are rather similar in the opening and the duct for most values of 
the equivalence ratios reported. From the figure it can be seen that when passing 
from well-ventilated to under ventilated conditions (passing the point φ = 1), the 
CO/CO2 ratios increases above approximately 0.05. This is comparable to the natu-
ral ventilated tests with heptane in the model scale tunnel performed by Ingason 
(see Fig. 7.3). For the cases with forced ventilation the differences are larger. The 
explanations for this, besides differences between materials, were discussed earlier.

Grant and Drysdale [56] presented analyses of CO and CO2 for the EUREKA 
EU499 project. The calculated CO/CO2 ratios show that high values (maximum 
0.2, 30 m downstream of the fire and 0.13, 100 m downstream of the fire) are 
obtained during the initial phase before the HRR starts to increase rapidly, that is, 
when the fire spreads to the trailer. During the most intense part of the fire, the CO/
CO2 ratios 100 m downstream stay below 0.02. At 30 m downstream of the fire 
the CO/CO2 ratio are also approximately 0.02 or lower, but a clear increase during 

Fig. 7.4  CO/CO2 ratio as function of equivalence ratio for polypropene, Nylon 66, and chloroben-
zene. For all three materials, results are given for measurements in the opening of the enclosure 
and in the exhaust duct connected to the hood collecting the fire gases. An exponential curve fit is 
included for polypropene (opening) [54]
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the period when the ventilation was switched off can be seen. The maximum value 
given is 0.05, but the peak value during this time period could be higher since val-
ues are missing for a few minutes. Comparing these results with those presented 
in Figs. 7.3 and 7.4 indicates under-ventilated combustion during this time period, 
which is understandable due to low ventilation during a period of high temperatures 
and probably high mass loss rates.

Similar results were found in the four Runehamar tests, that is, high CO/CO2 ra-
tios during the initial phase of the fire and low values during the intense fire and the 
decay period (see Fig. 7.5). The gas analyses (CO and CO2) were performed at two 
different heights (2.9 and 5.1 m respectively above the road surface), 458 m from 
the centre of the fire. Analyses of O2 were also performed in these positions and at 
the height 0.7 m (see the work by Ingason et al. [36, 37] for detailed description of 
the measurement setup and analysers). It can be seen from Fig. 7.5 (in comparison 
to Fig. 7.4) that all the tests are well-ventilated [54]. The high values at the begin-
ning of the tests can be explained by incomplete combustion. The temperature in the 
combustion zone may have affected the results. It is known from fire experiments 
in compartments that both the residence time and the temperature in the upper layer 
are important factors for the production of CO [57]. Even for well-ventilated condi-
tions, high CO concentrations can be measured if the temperature is below approxi-
mately 800 K. The situation looks similar to the one called preflaming combustion 

Fig. 7.5  CO/CO2 ratio as function of time for the Runehamar tests. The gas analyses were per-
formed at 458 m from the centre of the fire, 2.9 m above the road surface [54]
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described by Tsuchiya and discussed below [58]. The highest values (not shown in 
the figure) are also dependent on the absolute relationship between the CO and CO2 
analyses. A small difference in response time or time to reach a concentration above 
the detection limit, significantly affects the initial values. To be able to compare the 
CO/CO2 ratios better with the HRR and the temperature measurements near the fire, 
the time scales in Fig. 7.5 were corrected for the transport time between the fire and 
the measurement station. This transport time varies with the HRR and the procedure 
to calculate this is described by Ingason and Lönnermark [37]. The estimated trans-
port time varies between 1.5 and 2.5 min depending on the HRR.

The results from the Runehamar tests look similar to those reported by Bettis 
et al. [59] where the tests were well-ventilated, apart from a short period during one 
of the tests. The CO/CO2 ratios ranged, in most cases, from 0.005 to 0.025. In a few 
cases there was a higher value (0.05– > 0.1) in the beginning of the test followed by 
a continuous decrease. A steady state value as high as 0.05–0.06 was reported in 
only one test (Test 6). The fire was partly sheltered due to the setup and this may 
have affected the local ventilation conditions.

During ventilated conditions in a tunnel, the situation at the fuel can be ventila-
tion controlled or locally under ventilated if the fuel setup is such that the air flow 
does not reach the vaporized or pyrolized fuel. This was mentioned in relation to the 
initial period of fires discussed above.

Tewarson [17] performed an extensive work on collecting data on yield of CO 
and CO2, respectively, for different materials, and on how these yields depend on 
the equivalence ratio. From the result he developed relationships of the ratio of 
actual yield to well-ventilated yield as function of equivalence ratio. For CO Tew-
arson suggested the following relation:

 
(7.15)

where the values of correlation parameters for some selected fuels are presented 
in Table 7.14. Combining his results for CO and CO2 gives the following equation 
[54]:

 

(7.16)

where Y is the yield [kg/kg], β and ξ are correlation coefficients, X is the volume 
concentration and the index wv corresponds to well-ventilated conditions. The val-
ues of the different parameters are given for four selected materials in Table 7.14. 
The CO/CO2 ratio as a function of φ based on Eq. (7.16) is given for three materials 
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in Fig. 7.6. Polypropene was not included since it is almost identical to polyethene. 
The curves diverge from each other, but for all three fuels the CO/CO2 ratio at φ = 1 
is between 0.03 and 0.05.

Different fuels utilize available oxygen at high equivalence ratios to very dif-
ferent extents. Beyler [44] reported residual oxygen in exhaust gases from a hood 
system simulating the upper layer in a two-layer situation at φ > 1.2 for different 
types of fuels. These results are summarized in Table 7.15. There is a wide range in 
residual oxygen for the different fuels, from 0.1 % (methanol and ethanol) to 8.0 % 
(toluene). These values can be compared to the minimum oxygen concentration 
measured in each test in the Runehamar tunnel: 6.4, 8.6, 11.7, and 15.9 % for T1, 
T2, T3, and T4, respectively (values corrected for estimated H2O concentration) 
[54].

The CO/CO2 ratio depends on the mode of combustion. For combustion of 
wood, which is the most common fuel used in large-scale testing in tunnels today, 
the combustion can be divided into three stages: (1) preflaming pyrolysis, (2) flam-
ing combustion, and (3) char combustion or glowing [58]. Tsuchiya [58] presented 
mean values of CO/CO2 ratios for the three phases of combustion for plywood: 0.9 

Table 7.14  Yields of CO and CO2 during well-ventilated conditions and values of correlation 
coefficients in Eq. (7.16) given for four materials [17]
Material yCO wv,  [kg/kg] yCO wv2 , [kg/kg] α β ξ
Polyethene (PE) 0.024 2.76 10 10 2.8
Polypropene (PP) 0.024 2.79 10 10 2.8

Polystyrene (PS) 0.060 2.33 2 2 2.5

Wood 0.005 1.33 44 44 3.5

Fig. 7.6  CO/CO2 ratio for 
polyethene, polystyrene, 
and wood as a function of φ, 
based on the work by Tewar-
son (Eq. (7.16)) [17]
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(pyrolysis), 0.0035 (flaming combustion), and 0.25 (glowing), respectively. In the 
discussion above, the mode of combustion has been considered to be flaming in all 
cases. There is an abrupt transition from preflaming pyrolysis to flaming combus-
tion. Tsuchiya showed that this transition occurred when the O2 concentration was 
higher than a certain value that depends on the incident heat flux according to:

 (7.17)

where CO2
is the concentration of O2 (in %) and  ′′q is the incident heat flux (in kW/m2).

Modes other than flaming combustion will not be discussed further here. Tsuchiya 
[58] also presented CO/CO2 ratios for liquids and noncharring plastics under dif-
ferent levels of incident radiation in the cone calorimeter. Some selected materials 
of particular interest for the discussion in this section are presented in Table 7.16.

There are large differences between the different types of fuels. When ranking 
fuels according to their produced CO/CO2 ratio (from low to high) they can be 
listed as alcohols and oxygen containing fuels, hydrocarbons, and finally aromatics. 
This order is valid for well-ventilated conditions. For under ventilated condition the 
ranking is reversed [60, 44].

2
19.4 0.19·OC q= − ′′

Table 7.15  Residual oxygen for combustion of different fuels at φ > 1.2 [44]
Fuel Chemical formula Residual O2 [%]
Propane C3H8 0.5
Propene C3H6 2.0
Hexanes C6H14 3.0
Toluene C7H8 8.0
Methanol CH3OH 0.1
Ethanol C2H5OH 0.1
Isopropanol C3H7OH 2.0
Acetone C3H6O 0.7

Table 7.16  CO/CO2 ratios for selected liquids and noncharforming plastics combusted in normal 
air in the cone calorimeter [58]
Material Radiation [kW/m2] CO/CO2

Methanol 5 0.0002
Ethanol 5 0.0004
n-Heptane 5 0.010
Benzene 5 0.065
Xylene 5 0.056
Polypropene 30 0.024
Polypropene 50 0.025
Polystyrene 25 0.046
Polystyrene 40 0.051
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Lönnermark et al. [61] performed full- scale fire tests with commuter train car-
riages in a 276 m long tunnel. The concentrations of O2, CO, and CO2 were mea-
sured at different heights, both in the carriage and in the tunnel. In Fig. 7.7 the CO/
CO2 ratios in the tunnel 100 m downstream of the fire are presented. As can be seen 
in the figure, the CO/CO2 ratios clearly exceed the limits discussed above correlat-
ing to under ventilated conditions. It was not possible to calculate equivalence ratio 
in this situation, but this indicates that even if the overall conditions in the tunnel 
were well-ventilated, the combustion conditions inside the carriage were locally 
under ventilated. This again illustrates the importance of ventilation conditions on 
the combustion. The issue of using the CO/CO2 ratio for determining the ventilation 
condition is also discussed in Chap. 2.

Example 7.1 A metro carriage is burning in a tunnel. Assume that the fire is locally 
underventilated with a representative equivalence ratio of φ = 1.6. What would the 
yields of CO be if the fire could be represented by (1) wood or (2) plastics, for 
example, polyethene?

Solution:

(1) According to Table 7.14 for wood yCO, wv = 0.005 kg/kg, α = 44 and ξ = 3.5. Using 
Eq. (7.15):

3.5, 2.5·1.6

44
( 1.6) 0.005· 1 0.14 kg/kgCO woody

e
φ −

 
= = + =  

Fig. 7.7  CO/CO2 ratio at different heights in the tunnel, 100 m downstream of the fire, during test 
3 with a commuter train carriage [61]
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(2) In a similar way for polyethene yCO, wv = 0.024 kg/kg, α = 10 and ξ = 2.8 and

To find out the production and concentration of CO both the burning rate (or HRR 
and combustion efficiency) and air flow in the tunnel need to be known or estimated.

Example 7.2 In a 1.2 km long tunnel, with a width of 9 m and a height of 6 m, 
an HGV loaded with polypropene is burning in the middle of the tunnel. The fire 
develops following the “Ultra fast” curve, including a combustion efficiency of 0.9. 
Estimate the CO/CO2 ratio after 15 min if the air velocity is 2 m/s and the ambient 
temperature is 15 °C.

Solution: First the equivalence ratio needs to be calculated. This can be estimated 
from the HRR according to Eq. (7.12). The fire development can be described 

as (ultra fast): 2 20.19· 0.19·(15·60) 153900 kW.Q t= = =  The mass flow rate 

can be calculated from:
353

· · ·2·9·6 132.4 kg/s.
288a am u Aρ= = =  Now Eq. (7.12) 

gives: 153900
0.43.

·3000· 132.4·3000·0.9a

Q

m
φ

χ
= = =





 The fire is well ventilated. Now, 

studying Fig. 7.4 and7.6, the CO/CO2 ratio can be estimated to be approximately 
0.02. This correlates well also with Table 7.16.

7.6  Summary

Knowledge of the different species produced during fires is of great importance 
for estimating the toxicity of the fire smoke. In this chapter the main combustion 
products from different types of fires are presented. The presentation focuses on 
CO and the CO/CO2 ratio, but a large number of species or groups of species are 
also included, for example, hydrogen chloride (HCl), sulphur dioxide (SO2), vola-
tile organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), poly-
chlorinated dibenzo-p-dioxins and dibenzofurans (PCDDs/PCDFs), total amount 
of hydrocarbons (THC) and soot/smoke. The combustion conditions (access of air, 
temperature, etc.) can vary between different fires in tunnels. Results from measure-
ment during fire tests in vehicles and tunnels are presented in the chapter showing 
that the ventilation conditions can vary also during the same test leading to very 
different production rates and yields. The importance of the ventilation conditions 
on the productions of different species is described and relations for different yields 
and ratios are given. Especially the relation between the CO/CO2 ratio and the 
equivalence ratio is presented and discussed. How to calculate the toxicity when the 
concentration of a species is known is presented in Chap. 15 on tenability.

2.8, 2.5·1.6

10
( 1.6) 0.024· 1 0.38 kg/kgCO PEy

e
φ −

 
= = + =  
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Chapter 8
Gas Temperatures
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Abstract Gas temperature is of great importance for assessment of heat exposure to 
tunnel users and tunnel structures, estimation of fire detection time and possibility 
of fire spread, and to design ventilation systems. In this chapter, the theory of fire 
plumes in ventilated flows is presented with a focus on the maximum ceiling gas 
temperature and its position in tunnel fires. The maximum ceiling excess gas tem-
perature can be classified into two regions, depending on the ventilation velocity. 
Each can be divided into two subregions. The first subregion exhibits a linear 
increase which transits into a constant period, depending on the fire size, ventilation, 
and effective tunnel height. The position of the maximum ceiling gas temperature 
is directly related to a dimensionless ventilation velocity. A theoretical analysis of 
the upper smoke layer is presented and correlations for the distribution of ceiling 
gas temperature along the tunnel are given to support this analysis. Finally, a one-
dimensional model of average gas temperatures in tunnel fires with longitudinal 
ventilation is presented.

Keywords Ventilation flow · Fire plume · Maximum ceiling gas temperature · 
Position · Flame angle · Temperature distribution · One-dimensional model

8.1  Introduction

The ability to predict gas temperatures in tunnel fires is of great importance. The 
knowledge can be used to assess heat exposure to humans and tunnel structures, 
to estimate fire detection time and risk for fire spread, and to design ventilation 
systems.

In particular, the stability of the tunnel structure is a key design parameter concern-
ing the fire safety in tunnels. For example, a tunnel may be the key transportation line 
between two countries as in the case of the Mont Blanc or the St. Gotthard tunnels, 
where several fires have occurred, some with significant consequences [1], see also 
Chap. 1. A large fire can jeopardize the tunnel construction if the fire becomes too 
intense over a long period of time. Our knowledge of the impact of thermal expo-
sure from the fire on the tunnel construction and how to calculate the stability of the 
structure is, therefore, critical. Traditionally, evaluation of heat exposure to a tunnel 
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construction is based on the use of standardized time–temperature curves. Indeed, 
standard fire temperature curves, such as ISO 834 [2], the hydrocarbon curve (HC) 
[3], or the RWS curve [4], are widely used to test the fire performance of tunnel 
linings, see Fig. 8.1.

In the following, a short summary of the mathematical expressions for various 
standardized time–temperature curves is given. One standard curve used when test-
ing the temperature exposure is the cellulose curve defined in several standards, for 
example, ISO 834 [2]. This curve applies to materials found in typical buildings and 
is expressed as:

 (8.1)

where t is the time in min.
ISO 834 curve has been used for many years, also for tunnels, but it is clear 

that this curve does not represent all fire situations including the typical burning 
performance of important materials, for example petrol, chemicals, etc., and there-
fore a special curve, the hydrocarbon curve (the HC curve), which was developed 
in the 1970s for use in the petrochemical and offshore industries, has been applied 
to tunnels [3]. The main difference between these two curves is that the HC curve 
exhibits a much faster fire development and is consequently associated with a faster 
temperature increase than the standard ISO 834 fire curve and has traditionally been 
seen to be more relevant for a petroleum fire. The HC curve can be expressed as 
follows [3]:

 (8.2)

( ) 345lg(8 +1)T t t∆ =

0.167t 2.5t( ) 1080(1 0.325exp 0.675exp )T t − −∆ = − −

Fig. 8.1  A diagram of the interaction of ventilated flow with fire plume
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where t is the time in min.
Alternative (specific) temperature curves have been developed in some countries 

to simulate other hydrocarbon fires in tunnels. Examples of such curves are the 
Rijkswaterstaat Tunnel Curve (RWS curve) [4], the RABT/ZTV Curve [5], and the 
EBA curve [6]. These temperature curves are discontinuous and cannot be repre-
sented with a single mathematical expression as the ISO 834 and the HC curves. All 
these curves are derived in different ways and usually based on large- or small-scale 
tests or by consensus of technical committees working nationally or internationally 
in this field.

When choosing different curves, there is no single guideline document 
concerning how to choose one curve in relation to the HRRs (HRRs), longitudinal 
ventilation velocity, or the ceiling heights compared to others. The method is crude 
and prescriptive and therefore, not applicable to performance based design. Due to 
this fact, there is a clear need for a reliable engineering tool based on theoretical 
analysis that can predict the gas temperature as a function of the tunnel geometry, 
HRR, and ventilation conditions.

8.2  Interaction of Ventilation Flow with Fire Plume

The interaction of the ventilation flow with the fire plume is the most important 
phenomenon in ventilated tunnel fires. Hoult et al. [7, 8] made a valuable theoretical 
analysis of the fire plume in a ventilated flow based on the following assumptions:

1. The velocity and temperature defect profiles have the shape of a top hat, and that 
the cross section of the plume is circular.

2. The plume is slender, that is, the radius is small compared to the centreline radius 
of curvature.

3. There are basically two entrainment mechanisms: one is due to the difference 
between the plume velocity, u, and wind velocity component parallel to the 
plume, uocosθ, and the other to the wind velocity component, uosinθ, normal to 
the plume. The two mechanisms are additive.

4. The net rate of entrainment is the product of a dimensionless entrainment coef-
ficient times the perimeter of the plume cross section times the corresponding 
velocity difference.

5. The entrainment coefficients, α and β, are independent of position along the 
plume.

The fire plume with an initial radius, bfo, rises up and is then deflected by the 
horizontal ventilated flow, as shown in Fig. 8.2.

For weak plume the governing equations can be described as follows [7, 8, 16]:
Mass:

 (8.3)2( ) 2 cos sin
d

B U B U V V
d

α θ β θ
ξ

=  − + ′ ′ 
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Momentum:

 (8.4)

 (8.5)

Energy:

 (8.6)

The dimensionless parameters are defined as follows:
The dimensionless plume radius: B b bfo= / ,
The dimensionless plume velocity: U u w= / *,
The dimensionless plume temperature: ( ) /o oT T Tφ = − ,
The dimensionless position along the trajectory: / fos bξ = .
The dimensionless ventilation velocity is defined as:

 (8.7)

The characteristic plume velocity, w*, is:

 (8.8)

2 2 2sin
( ) cos ( )

d d
B U V B U

d U d

θπ π θ
ξ ξ

= + ′

2 2 2cos
sin ( )

d d
B U V B U

d U d

θ θπ π θ
ξ ξ

= − ′

*2
2 1

fo

w
B U

b g
φ

π
=

*/oV u w=′

* 1/3( )
fo o p o

gQ
w

b c Tρ
=



Fig. 8.2  A diagram of the 
interaction of ventilated flow 
with fire plume
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where bfo is the radius of fire source (m), u is the plume velocity (m/s), uo is the wind 
velocity (m/s), s is a trajectory (m), b is the radius of fire plume at a given position 
(m), g is the acceleration of gravity (m/s2), Q  is the HRR (kW), ρo is the ambient 
density (kg/m3), cp is the heat capacity (kJ/kgK), To is the ambient temperature (K), 
θ is the angle between plume axis and horizontal axis (°), α is the tangential entrain-
ment coefficient and β is the normal entrainment coefficient.

The above equations show that the dimensionless ventilation velocity is the key 
parameter in the interaction of ventilated flow with fire plume, with which both 
ventilation velocity and characteristic plume velocity are correlated.

8.3  Maximum Ceiling Gas Temperature

Extensive research has been conducted on maximum ceiling gas temperatures 
in tunnel fires. Kurioka et al. [9] proposed an empirical equation to predict the 
maximum gas temperature rise below the tunnel ceiling and its position relative 
to the center of the fire. Their equation indicates that the maximum ceiling gas 
temperature approaches infinite, when the ventilation velocity approaches zero. 
One consequence of this behavior is that the maximum gas temperature rise below 
the ceiling cannot be predicted correctly when the ventilation velocity is very low. 
Moreover, the proposed correlation was originally obtained by empirical corre-
lations rather than theoretical analysis. Li et al. [10–12] conducted a theoretical 
analysis of the maximum gas temperature rise below the ceiling based on an 
axisymmetric fire plume theory. The proposed equations for the maximum excess 
gas temperature beneath the ceiling fits the data from both model- and large-scale 
tests. The theory of maximum ceiling gas temperature in tunnel fires proposed by 
Li et al. [10–12] is presented in the following sections.

8.3.1  Fire Plume Mass Flow Rate in a Ventilated Flow

The first approach is to perform a simple theoretical analysis in order to predict the 
maximum ceiling temperature in a longitudinally ventilated tunnel flow. In order to 
do that, we assume that we can exclude the virtual source term in the axisymmetric 
fire plume analysis. The virtual source term is used to compensate for the difference 
between the actual fire source and the ideal point source [13]. The mass flow rate of 
an axisymmetric fire plume in the open can then be expressed as [14, 15]:

 (8.9)

where Qc
 is the convective HRR (kW), z is the height above the fire source (m), and 

mp o, is the mass flow rate of the plume in the open (kg/s).

1/3 5/3
, ( ) 0.071p o cm z Q z= 
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Normally in a longitudinally ventilated tunnel, the fire plume on the downstream 
side leans towards the tunnel surface. The air entrainment of the fire plume is stron-
ger than this in the open. Experimental data of air entrainment through ventilated 
windows from Quintiere et al. [16] supports the trend that the extra air entrainment 
due to wind increases almost linearly with the air velocity through the ventilated 
window. The ratio of mass flow rate of the fire plume in a ventilated flow to that in 
the open can be expressed as [10]:

 (8.10)

where mp  is the mass flow rate at a given height in a ventilated flow (kg/s) and Ck 
is a coefficient. Note that the dimensionless ventilation velocity, V′, is defined as the 
ratio of the ventilation velocity, uo, to the characteristic plume velocity w*.

AGA studied the effect of wind on LNG pool fires and proposed a formula to 
estimate the flame angle due to wind, for methane which can be expressed as [16, 17]:

 
(8.11)

The flame angle θ  in Eq. (8.11) is defined as the angle between the flame axis and 
a horizontal surface. It is shown that when the ventilation velocity is too small, that 
is when ′V  ≤ 0.19, the flame is hardly deflected and the ventilated flow has no ef-
fect on the fire plume. Consequently, the plume mass flow rate does not increase. In 
addition, when the ventilation velocity is greater ( ′V >0.19), the flame deflects and 
the ventilated flow induces extra air entrainment into the fire plume in a ventilated 
flow, so that the plume mass flow rate increases with the ventilation velocity. Con-
sequently, the condition for this transition can be expressed as:

 (8.12)

Note that under this condition, the ratio of mass flow rate of the fire plume in a 
ventilated flow to that in the open, as defined in Eq. (8.10), should be equal to 1, 
both for the dimensionless ventilation velocity lower than 0.19 ( ′V  ≤ 0.19) and for 
the dimensionless ventilation velocity greater than 0.19 ( ′V >0.19). Consequently, 
the coefficient Ck can be given as:

 (8.13)

Substituting Eqs. (8.9) and (8.13) into Eq. (8.10) yields:
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8.3.2  Maximum Ceiling Gas Temperature in a Small Fire

We assume that the velocity and temperature profiles are of similar form, inde-
pendent of the height. Further, we assume that these profiles are so called top-hat 
profiles, so that the velocity and temperature are constant over the whole section 
at a given height. This is a normal assumption for axisymmetric fire plumes in the 
open.

In addition, the radiative energy is typically in the range of 20–40 % of the total 
energy released from many common fuel sources. This means that 70 % of the total 
HRR is a reasonable value to be used as the convective HRR. The average excess 
temperature of the fire plume above ambient at a given height, ΔT(z), can therefore 
be expressed as [10–12]:

 
(8.15)

where χr is the fraction of convective HRR in total HRR.
According to research on plume flow in the open, the weak plume assumptions 

can be relaxed. In addition, note that the maximum temperature of the fire plume at 
the tunnel height is the maximum temperature of the buoyancy-driven smoke flow 
beneath the tunnel ceiling. This means that the effective tunnel height, that is the 
vertical distance between the bottom of the fire source (flame) and the tunnel ceil-
ing, Hef, is the vertical distance above the fire source bottom, z, under this condition, 
see Fig. 8.3 for a geometric illustration of these parameters.

The maximum gas excess temperature beneath the ceiling can therefore be 
expressed as:

 (8.16)

where ΔTmax is the maximum ceiling gas excess temperature (K), CT is a temperature 
correction factor due to the top hat assumption and Hef is the effective tunnel height.

Substituting Eqs. (8.14) and (8.15) into Eq. (8.16) gives [10–12]:
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Fig. 8.3  Definition of the effective tunnel ceiling height, Hef
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From Eq. (8.17), it is seen that the maximum gas excess temperature beneath the 
tunnel ceiling can be categorized into two regions. When the dimensionless ven-
tilation velocity, V′, is lower than 0.19 (Region I), the plume mass flow rate in a 
ventilated tunnel can be assumed to be almost equal to that in the open, and so 
the maximum gas excess temperature is the same, independent of the ventilation 
velocity. Further, the maximum gas excess temperature varies as two-thirds power 
of the HRR. This phenomenon occurs at a relatively high HRR or at a very low 
ventilation velocity. When the dimensionless ventilation velocity, c, is greater than 
0.19 (Region II), the mass flow rate of the fire plume in a ventilated tunnel increases 
linearly with the ventilation velocity and decreases slowly with the HRR. As a 
consequence, the maximum gas excess temperature is proportional to the HRR, 
and inversely proportional to the ventilation velocity, as shown in Eq. (8.17). In 
addition, the maximum excess gas temperature varies as a − 5/3 power law of the 
effective tunnel height in both regions.

Equation (8.17) was obtained based on the assumption that the flow profile and 
the gas temperature profile across the section of the fire plume at any height is a top-
hat profile, and that the continuous flame zone is lower than the tunnel height. This 
implies that the plume gas temperature is assumed to be constant across any section 
of the plume. In practice, at any given height the center line gas temperature of the 
fire plume is higher than the average gas temperature. The coefficient, CT, defined 
in Eq. (8.16) can be determined from experimental data. The maximum excess gas 
temperature beneath the tunnel ceiling can be expressed as [10]:

 

(8.18)

Comparing Eqs. (8.17) and (8.18) indicates that the coefficient CT is equal to 1.57 
for Region I and 1.56 for Region II. This means that the condition for this transi-
tion that the dimensionless ventilation velocity approaches 0.19, is appropriate to 
estimate the fire plume properties for fires in longitudinally ventilated tunnels. It 
is known that this value is around 1.8 for free plumes. The wind could affect the 
profiles of temperature and velocity at a given cross section and thus the slight dif-
ference exists. Further, Lönnermark and Ingason [18] found that the width of the 
tunnel had no influence on the maximum gas temperature. These finding correlate 
well with the theoretical model presented here.

8.3.3  Maximum Ceiling Gas Temperature in a Large Fire

The above correlations are not valid when the flames become very large. For a very 
large fire in the tunnel, the flame impinges on the tunnel ceiling, and the continuous 
flame volume (combustion zone) extends along the tunnel ceiling, see Fig. 8.4. 
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Therefore, the maximum temperature beneath the ceiling should be the flame tem-
perature. In such cases, the mass flow rate of the fire plume is difficult to estimate 
and Eq. (8.14) collapses. Therefore, prediction of the temperature of a large fire 
plume in a ventilated flow appears to be impossible to derive theoretically using 
this methodology.

However, we can assume that Eq. (8.18) should still be fulfilled before the part of 
the flame volume representing the combustion zone impinges on the tunnel ceiling. 
After that the maximum temperature beneath the ceiling is assumed to be the flame 
temperature. This means that in such a case the maximum temperature beneath the 
ceiling should be a constant, based on a vast majority of research on the flame tem-
perature, such as McCaffrey’s fire plume theory [18]. However, gas temperatures 
over 1000 °C, even up to about 1365–1370 °C, have been measured beneath the 
tunnel ceiling in full-scale tests such as the Runehamar tests [19] and the Memorial 
tests [20].

The reason why the maximum temperature beneath the tunnel ceiling is so high 
is that the scenario is different to that in an open fire or an enclosure fire. In an open 
fire, the flame and hot gases radiate to the surroundings, approximately without any 
heat feedback from the surrounding. In an enclosure fire the heat feedback from the 
surrounding roof and walls is generally limited due to the large space and the pos-
sible highest HRR is directly related to opening areas except for a fully developed 
fire. However, for a large fire in the tunnel, the heat feedback plays an important 
role in the heat balance of flame and hot gases, and the forced ventilation enhances 
the combustion. Further, Note that a tunnel fire is normally fuel controlled in a well-
ventilated tunnel. As a consequence, the temperature of the flame and hot gases is 
higher than in an open fire or an enclosure fire.

The maximum temperature beneath the ceiling in a tunnel fire is independent of 
the ventilation velocity if the ventilation velocity across the fire source is very low 
compared to the HRR, and the maximum temperature is simply dependent on the 
HRR; however, it approaches a constant if the part of the flame volume containing 
the combustion zone is present at the tunnel ceiling. In other words, if V′ ≤ 0.19 
(Region I), the maximum excess temperature can be expressed as:

 (8.19)

where the Delta T in Region I, DTRI, is defined as:

max

DTR I, DTR I 1350

1350, DTR I 1350
T

<
∆ =  ≥

Fig. 8.4  A diagram of turbulent flame impinging on the ceiling in a large tunnel fire

   



216 8 Gas Temperatures

If the ventilation velocity across the fire source becomes larger, the maximum 
excess temperature beneath the ceiling depends on both the HRR and the ventila-
tion velocity. However, it also approaches a constant if the continuous combustion 
zone is present at the tunnel ceiling. In other words, if V ′ > 0.19 (Region II), the 
maximum excess temperature can be expressed as:

 
(8.20)

where the Delta T in Region II, DTRII, is defined as:

Figure 8.5 and 8.6 show the maximum ceiling excess gas temperatures in tunnel 
fires in Region I ( V ′  ≤ 0.19) and Region II ( V ′  > 0.19) respectively. Clearly, the tests 
data are correlated well with Eqs. (8.19) and (8.20).

Although, in theory the maximum excess temperature in the constant regions 
is also dependent on some other parameters, such as the thermal properties of tun-
nel wall and vehicles, the figures show that it is close to a constant in the constant 
regions, and the equations presented above normally produce conservative results 
suitable for engineering applications.

Note that, there is a parameter called the radius of the fire source bfo used in the 
above equations. For a circular fire source, the radius of the fire source is easy to 
determine. For a rectangular fire source, such as a gas fire or pool fire, an equiv-
alent circular radius of the fire source should be used based on equivalent area 
of fire source, that is 4 /A π  (where A is the area of the fuel source). The same 
method has been applied to a wood crib fire. In such cases, the projection area (or 
bottom area) of the fire source can be regarded as an equivalent geometry of the 
fire source.

It should also be noted that the height used here is not the tunnel height, but the 
effective tunnel height, Hef, that is the vertical distance between the bottom of the 
fire source and the tunnel ceiling. This parameter is very important in order to deter-
mine the maximum excess temperature beneath the ceiling in a tunnel fire.

The correlations, that is Eqs. (8.19) and (8.20), can be used to calculate the excess 
gas temperature as a function of the HRR and ventilation velocity at any given tun-
nel and fire scenario. These equations become the key for converting a standardized 
time–temperature curve for a given tunnel to the corresponding HRR to obtain this 
temperature, and vice versa.
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Example 8.1 An HGV vehicle (heavy goods vehicle trailer) is assumed to start to 
burn due to a tyre or engine fire. The tunnel height at its maximum is 6 m and the 
width is 12 m at its widest part. The height from the bottom of the fire load up to the 
ceiling is 4.8 m. The radius of the fuel in the vehicle, bfo, is 4 m. The fire is assumed 
to be fuel controlled (or well-ventilated). The ambient conditions are 10 °C. Calcu-
late the maximum ceiling gas temperature for a 6 m high and 12 m wide tunnel with:

1. Natural ventilation system at a HRR of 10 MW;

Fig. 8.6  Maximum excess gas temperature beneath the tunnel ceiling (Region II) [11]

   

Fig. 8.5  Maximum excess gas temperature beneath the tunnel ceiling (Region I) [11]
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2. Semitransverse ventilation at a longitudinal velocity through the fire of 0.5 m/s 
and a HRR of 10 MW.

3. Longitudinal ventilation at a longitudinal velocity of 3 m/s. The fire approxi-
mately follows the ultra-fast curve to a maximum HRR of 150 MW, and keep 
for 10 min and then decrease to 0 after further 20 min. Make a time–temperature 
curve for this tunnel fire. The ultra-fast curve is expressed as Q  = 0.19t2, where 
Q  is HRR in kW, and t is time in seconds.

Solution:

1. Note that V′ < 0.19 according to Eqs. (8.7) and (8.8). Therefore, Eq. (8.19) should 
be used. The estimated maximum ceiling gas temperature is 595 °C.

2. For a semitransverse ventilation system, there could still be a longitudinal 
velocity which is one of the key parameter for us to calculate the maximum 
ceiling gas temperature. We need to check the value of V′, which can be found 
to be 0.12 using Eqs. (8.7) and (8.8). Therefore, V′ < 0.19, Eq. (8.19) should be 
used. The estimated maximum ceiling gas temperature is 922 °C.

3. Note that V′ > 0.19 for the entire time period. By using Eq. (8.20) we can make a 
unique time–temperature curve, as shown in Fig. 8.7.

Example 8.2 Assuming that the tunnel in Example 8.1 is designed for the HC curve, 
estimate the corresponding HRR curve and also if the fire duration is assumed to be 
120 min, what is the corresponding fire load in GJ. The longitudinal ventilation is 
assumed to be 3 m/s. The expression for the Hydrocarbon Curve (HC) can be found 
in Eq. (8.2).

Solution: First we assume V′ > 0.19 since Q t( )  is unknown. This means that 
Eq. (8.20) is used here. The corresponding HRR can be found in Fig. 8.8. Then we 
calculate V′ using Qmax

, which turns out to be greater than 0.19.This means at any 

Fig. 8.7  A unique time–temperature curve for Example 8.1
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time in this scenario, V′ > 0.19 is fulfilled, which verifies the first assumption. For 
data with a temperature over 1100  °C, it is difficult to determine in which region it 
lies. However, it is clear that the calculated HRR is the minimum value required to 
obtain such a high temperature.

If we integrate the curve we find the total energy to be 496 GJ. This would cor-
respond to at least two HGVs. A reasonable conclusion is that this tunnel would 
be designed to a fire that can resist a collision between two HGVs, and the fire can 
be very intense for up to 120 min. This shows the practical implication of using 
Eqs. (8.19) and (8.20). These equations become a key to relate information between 
the standardized time–temperature curves and the fire load in terms of the HRR and 
total energy found in the fire load.

8.4  Position of Maximum Ceiling Gas Temperature

A schematic diagram of the position of the maximum ceiling temperature in a tun-
nel fire is shown in Fig. 8.9. The horizontal distance between the position of the 
maximum ceiling temperature and the fire source centre is LMT. A flame angle, φ, 
is defined here as the angle between the horizontal line and the line connecting the 
fire source centre and the position of the maximum ceiling temperature. There-
fore, it should be kept in mind that the flame angle, φ, discussed here is defined 
based on the position of the maximum ceiling temperature, rather than the real 
flame angle.

Fig. 8.8  The calculated HRR corresponding to a HC curve in a 6 m high tunnel with ventilation 
of 3 m/s
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Experimental data for air entrainment through ventilated windows from Quintiere 
et al. [16] support the postulate that the mass flow rate of fire plume in a ventilated 
flow is almost equal to that in the open by use of the inclined flame path as the 
plume height. In other words, Eqs. (8.14) and (8.9) should be equal to each other 
when using Hef and Ltraj, respectively [21]:

 (8.21)

where Ltraj is the length of the trajectory of the plume (m), and Hef is the effective 
height (m), that is, the vertical distance between the tunnel ceiling and the bottom 
of the fire source (flame).

Note that when the ventilation velocity is very low, the plume is not inclined 
by horizontal wind (or at least to a negligible degree), so the flame angle should 
approach 90°. Under these conditions the continuity of the equations should also 
be fulfilled.

Therefore, we obtain the following equation [21]:

 (8.22)

If the flame angle is known, the horizontal distance between the position of the 
maximum ceiling temperature and the fire source centre, LMT, can be simply calcu-
lated (see Fig. 8.9) [21]:

 (8.23)

Based on the above analysis, one can conclude that the position of the maximum 
ceiling temperature is directly dependent on the dimensionless ventilation velocity 
in a small tunnel fire. The influence of the tunnel width on the fire plume is sup-
posed to be insignificant and thus ignored since the deflection depends on the inter-
action of ventilation flow with fire plume, which generally has nothing to do with 
tunnel width. Instead, the effective tunnel height plays a key role in the position of 
the maximum ceiling temperature.

When the fire becomes larger, the flame tip reaches the ceiling and extends a 
certain distance along the tunnel. The influence of the HRR on the position of the 
maximum ceiling temperature could be different, based on experience from the pre-
vious study on smoke control and maximum ceiling temperature [10, 11, 22].
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Fig. 8.9  A diagram of flame angle and position of maximum ceiling gas temperature
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Under low ventilation conditions, the phenomenon of backlayering occurs up-
stream of the fire. The dimensionless backlayering length, Lb

* , can be expressed as 
[22]:

 (8.24)

where H is the tunnel height (m). The modified Richardson Number, Ri′ , dimen-
sionless longitudinal velocity, u*, and the dimensionless HRR, Q*, in Eq. (8.24) are 
respectively defined as [22]:

 (8.25)

It should be kept in mind that these equations do not take the geometry of the fire 
source into account. However, Eq. (8.24) implies that for a large fire in a tunnel, that 
is when Q* > 0.15, the backlayering length is independent of HRR and only related 
to the ventilation velocity.

Note that, the modified Richardson Number in Eq. (8.25) can be related to the 
dimensionless ventilation velocity [21]:

 (8.26)

where bfo is the radius of fire source (m).
For a small fire in a tunnel, it can be seen that both the flame angle and the 

backlayering length are directly related to the modified Richardson Number. It 
can therefore be speculated that for a large fire in a tunnel, the flame angle is also 
independent of the HRR, drawing an analogy to the backlayering length. Due to the 
continuity of the equations at the transition point, the full expression of the flame 
angle can be expressed as [21]:

 

(8.27)

According to Eq. (8.27), it can be seen that the flame angle can be categorized into 
three zones. The flame angle is 90° if the dimensionless ventilation velocity is lower 
than 0.19. If V′ increases, the flame angle varies as −3/5 power law of V′ when 
Q* ≤ 0.15, and is independent of HRR when Q*>0.15.

Figure 8.10 shows a plot of tests data related to the position of maximum ceiling 
gas temperature [21]. The data correlate well with the proposed equations.

Example 8.3 Estimate the positions of the maximum ceiling gas temperatures in a 
6 m high and 10 m wide tunnel at HRRs of 10 MW and 50 MW respectively. The 
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longitudinal ventilation velocity is 3 m/s. The fire source has an equivalent radius 
of 2 m and its bottom is 1 m above the floor.

Solution:

1. For the 10 MW fire, V′ can be estimated to be 0.58 using Eq. (8.7), lower than 
0.19, and the dimensionless HRR Q* is 0.10 using Eq. (8.25), lower than 0.15. 
This means that the second conditions in Eq. (8.27) are valid for this case. The 
estimated horizontal distance between the position of the maximum ceiling gas 
temperature and the fire source center using Eq. (8.27) is therefore 8.4 m.

2. For the 10 MW fire, V′ can be estimated to be 0.34, greater than 0.19, and the 
dimensionless HRR Q* is 0.51, greater than 0.15. This means that the third con-
ditions fulfill the requirement in Eq. (8.27) and should therefore be used. The 
estimated horizontal distance between the position of the maximum ceiling gas 
temperature and the fire source center using Eq. (8.27) is 7.6 m, slightly shorter 
than that in the first example due to that the larger fire in this example creates 
larger buoyancy force.

8.5  Ceiling Gas Temperature Distribution

First, let us carry out a theoretical analysis of the stratified smoke flows in the up-
per layer at a quasi-steady state. Similar to the vertical plume entrainment, it can be 
assumed that the entrainment velocity is proportional to the relative velocity of the 

Fig. 8.10  Flame angle and dimensionless ventilation velocity [21]. Tunnel A and Tunnel B are two 
model tunnels with different cross section
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smoke flow, see more in Chap. 12. A schematic view of smoke spread upstream and 
downstream of the fire is shown in Fig. 8.11.

Downstream of the fire, the smoke flow at the upper layer entrains the air from 
the lower layer. Assuming that no heat source is introduced into the ceiling smoke 
flow (no combustion in the ceiling flow), the mass and energy equations can be 
expressed as:

 (8.28)

 (8.29)

The entrainment velocity, ve (m/s), for downstream smoke flow could be expressed 
as (see details in Chap. 12):

 (8.30)

In the above equations, u is the smoke velocity (m/s), uo is the air velocity (m/s), 
A is the cross-sectional area of the smoke flow (m2), W is the tunnel width at the 
bottom of the smoke layer (m), ht is the total net heat transfer coefficient on tunnel 
walls (kW/m2K), wp is the wet perimeter of the smoke flow (M), β is the entrain-
ment coefficient, ρ and T are the average density (kg/m3) and temperature of the 
smoke flow (K).

It is known that the dominating term in the differential energy equation, that is, 
Eq. (8.29), is the heat loss to the tunnel structure. Therefore, the effect of entrain-
ment on the energy equation is ignored while solving the differential equations. To 
obtain an analytical solution, it is also assumed that the net heat transfer coefficient, 
ht, and wet perimeter, wp, (or the term htwp) are constant. Therefore, we have:

 
(8.31)

where h is the smoke layer height (m). The above equation can be approximately 
expressed as:

 (8.32)
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Fig. 8.11  A schematic diagram of smoke spread upstream and downstream of the fire
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For rectangular cross-sections ( A = hW), the dimensionless parameter a in the above 
equation can be expressed as:

 
(8.33)

where x is the distance from the fire source (m). Note that, the smoke layer height 
is generally much smaller than the width and also the ratio h/W varies in a narrow 
range.

This suggests that the ceiling gas temperature varies as an exponential equation 
of the dimensionless distance from the fire if the parameter a is constant.

Upstream of the fire, the behavior of smoke flow is slightly different from that 
downstream of the fire. The fresh air flow at a high velocity could be considered to 
entrain the smoke from the upper layer and blow it away from the fire. In the case 
that the fresh air flow has a great enough velocity, it could arrest the smoke front and 
prevent any further spread, see Fig. 8.11. Close to this point, the mass flow rate of 
the smoke flow decreases to 0. Assuming that no heat source is introduced into the 
horizontal smoke flow, the mass and energy equation can be expressed as:

 (8.34)

 (8.35)

The entrainment velocity for the upstream smoke flow could be expressed as:

 (8.36)

Similar to the treatment to the downstream smoke flow, the analytical solution can 
be expressed as follows:

 (8.37)

The above equation can then be simplified into:

 (8.38)

where, for rectangular cross sections, the dimensionless parameter, b, is defined as:
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From the above analysis, it is expected that for smoke flows both downstream and 
upstream of the fire, the temperature distribution can be approximated using an 
exponential function.

Note that the Stanton number St is correlated with the skin friction coefficient, 
which can expressed approximately as follows:

 (8.40)

where hc is the convective heat transfer coefficient (kW/m2K), Cf is the friction 
coefficient. This suggests that for small fires where the convective heat transfer dom-
inates, the decrease of the ceiling gas temperature follows an exponential equation.

However, the heat transfer coefficient in Eqs. (8.31) and (8.37) is the total heat 
transfer coefficient on a tunnel wall, ht, rather than the convective heat transfer 
coefficient, hc. For most tunnel fires that are relevant, the radiative heat transfer 
dominates heat transfer to the tunnel walls in the near field of the fire source. In such 
cases, the term in the numerator of a and b should be 2 + 2 instead of 1 + 2 h/W. In 
reality, the conductive heat transfer plays an important role in the total heat transfer 
from hot gases to the tunnel wall, and its importance increases with time. In other 
words, at the early stages of a fire, the conduction has an insignificant influence on 
the heat transfer but the importance of the heat conduction increases with time, see 
Chap. 10.

Therefore, the total heat transfer coefficient is not constant along the tunnel. In-
stead, it should be greater close to the fire but less far away from the fire. Similarly, 
it should be greater at the early stage of the fire and less as time goes on. If the tun-
nel walls are exposed to hot gases for a long time, heat conduction will dominate 
the heat transfer, and then the coefficient approaches a constant along the tunnel. 
Despite this, based on the test data, it has been found that the ceiling temperature 
distribution along the tunnel can be well represented by the sum of two exponential 
equations, and the tunnel height could be used to represent the smoke layer height, 
h. This is in good correlation to the theory, that is, Eqs. (8.32) and (8.38).

The dimensionless excess gas temperature beneath the tunnel ceiling down-
stream of the fire can be plotted as a function of a dimensionless distance from the 
fire, as shown in Fig. 8.12. Data from model-scale tunnel fire tests conducted at SP 
and full-scale tunnel fire tests including the Runehamar tunnel tests and the Memo-
rial tunnel tests have been used. Note that, data for both high and low ventilations 
are plotted in Fig. 8.12. It is shown that all the experimental data correlates well 
with the sum of two exponential equations, which can be expressed as:

 
(8.41)

where xv is the distance between the virtual origin and the fire source (m).
Cleary, Fig. 8.12 shows that the ceiling gas temperature decreases more rapidly 

with distance in the vicinity of the fire than further away from the fire. This has 
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been explained as being due to the fact that the total heat transfer coefficient in the 
vicinity of the fire is much greater than further downstream.

It should be kept in mind that in the above analysis, it has been assumed that no 
heat is introduced to the ceiling smoke flow. In large fires, the ceiling flame exists 
and continuously releases heat along the tunnel. This indicates that in the vicinity 
of the fire the gas temperatures could decrease much more slowly. This phenomena 
has been observed by Ingason and Li [23]. In the analysis of test data from model- 
and full-scale tunnel fire tests conducted by SP, they found [23] that there is a virtual 
origin for large fires, that is, the gas temperatures between the fire source center 
and the virtual origin decrease very slowly. They postulated that this is due to the 
fact that the continuous flame continually introduces a large amount of heat into the 
smoke flow although the smoke flow releases heat along the tunnel. Given that a 
gas temperature of 600 °C could represent a ceiling flame tip, the distance between 
a ceiling gas temperature of 1200 and 600 °C is approximately ten times the tunnel 
height, according to Eq. (8.41). The distance between the fire source center and the 
virtual origin, xv, can therefore be estimated using:

 
(8.42)

where Lf (m) is the flame length that can be estimated using equation proposed in 
Chap. 9 on flame length. The above equation indicates that the virtual origin needs 
to be accounted for only when the fire is very large and the flame length is over 
ten times the tunnel height. Otherwise, the virtual origin does not exist and can be 
considered zero in Eq. (8.41).
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Fig. 8.12  Distribution of dimensionless ceiling excess gas temperature along the tunnel

   



2278.6  One-Dimensional Simple Model 

Note that ceiling gas temperatures in a range of 600–1200 °C could correspond 
to the intermittent flame region, that is, a less intense combustion region compared 
to the continuous flame region. On one hand, heat is continuously introduced to 
the smoke flow along the ceiling, which lessens the decrease in the ceiling gas 
temperature. On the other hand, this region corresponds to a higher heat transfer 
coefficient and more heat is lost in this region compared to the nonflaming region, 
which could aggravate the temperature decrease. However, these two opposite ef-
fects seem to cancel out to a certain degree. The overall effect can be neglected, 
although a slightly more rapidly increase in the vicinity of the fire which could sug-
gest that the radiation loss effect still dominates.

Equation (8.41) together with Eq. (8.42) could be used to estimate the tempera-
ture attenuation along the tunnel with both high and low ventilations.

Example 8.4 Calculate the ceiling gas temperature at 100, 200, and 300 m down-
stream of a bus fire with a constant HRR of 30 MW in a 6 m high and 10 m wide 
tunnel at 30 min. The bus is 3 m wide and 10 m long. The ventilation velocity is 
3 m/s and ambient temperature is 10 °C. The fire source can be assumed to be 0.5 m 
above the tunnel floor (bus floor).

Solution: At 30 min, the properties within 300 m can be considered as quasi-steady 
stage. Firstly, the maximum ceiling gas temperature needs to be calculated.The 
equivalent diameter of the bus fire is 6.18 m. Then calculate V′ = 0.46 > 0.19. 
Therefore, Eq. (8.17) should be used. The estimated maximum ceiling excess 
gas temperature is 405  °C. Estimate the flame length Lf = 6.4 m < 10H, there-
fore xv = 0. Calculate the ceiling gas temperature at 100 m using Eq. (8.39): 
T(100m) = 10 + 405 × [0.55 × exp(− 0.143 × 100/6) + 0.45 × exp(−0.024 × 
100/6)] = 153°C. The ceiling gas temperature at 200 and 300 m are 94 and 65  °C 
respectively.

8.6  One-Dimensional Simple Model

In tunnel fires with longitudinal ventilation, that is, when the longitudinal air ve-
locity is over a certain value (such as 1 m/s), the smoke flows inside the tunnel 
downstream of the fire can be considered as one-dimensional flow. Using this sim-
plification, simple equations can be obtained which are very convenient and useful 
in evaluation of the gas temperature, buoyancy force, etc.

The mass flow rate, m(kg/s), can be simply calculated by:

 (8.43)

The energy equation can be expressed as follows:

 
(8.44)
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where AT is the tunnel cross-sectional area (m2), wp is the perimeter of the whole 
tunnel cross-section (m), Tavg is the average temperature of the whole cross-section 
(K), ht is the total heat transfer coefficient (kW/m2K).

Noting that the mass flow rate is constant, the average gas temperature at x m 
downstream of the fire source at time t can be estimated using:

 
(8.45)

where t is the time (s), and τ is the actual time corresponding to the fire source(s).
Assuming that 2/3 of the total HRR is convective HRR, the maximum average 

temperature, that is, the average temperature at the fire source, can be estimated 
using the following equation:

 (8.46)

Note that in the above calculation, the transportation time has been taken into 
account. The actual time, τ, at location x can be approximated with aid of the fol-
lowing equation [12]:

 (8.47)

where L is the distance between fire and measurement location, uavg is the average 
velocity of the whole cross-section.

The variation of the velocity along the tunnel can be approximated using the 
mass balance equation and the ideal gas law, assuming constant cross-sectional area 
and neglecting the fuel mass flow compared to the airflow in the tunnel:

 (8.48)

Given that, the average temperature of the smoke flow at a given distance, x, down-
stream of the fire can be estimated using Eqs. (8.45) and (8.46), the actual time can, 
therefore, be expressed as [12]:

 (8.49)
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Another simple method to correct the time is to directly estimate the time consumed 
when travelling between the fire source and the measurement station at the longitu-
dinal ventilation velocity. This simple method is accurate enough when the distance 
is short.

In summary, the average gas temperature downstream of the fire can be 
reasonably well described using the one-dimensional method. However, it should 
be kept in mind that if the ventilation velocity is too low, the one-dimensional model 
is not applicable. Instead, Eq. (8.41) can still be used to the maximum ceiling gas 
temperature at a given position.

Example 8.5 Calculate the average gas temperature and average gas velocity at 
100 m downstream of a bus fire with a HRR of 50 MW following the fast curve in 
a 6 m high and 12 m wide tunnel at 10 min. The ventilation velocity is 2 m/s and 
ambient temperature To = 20 °C.

Solution: First we simply calculate the actual time τ = t-x/uo = 600–100/2 = 550 s 
and the mass flow rate mo = 1.2 × 2 × 6 × 12 = 173 kg/s. Thus, the average 
temperature at x = 0 becomes Tavg(0) = 20 + 2/3 × 50000/(173 × 1) = 213 °C. The 
average temperature 100 m from the fire at time t = 10 min can be calculated using 
Eq. (8.45). Tavg (100) = 20 + (213–20) × exp[−0.025 × 32 × 100/(144 × 1)] = 115  °C, 
where ht = 0.025 kW/m2K, wp = 36 m and x = 100 m. Therefore, the average 
temperature 100 m from the fire is uavg (100) = 2 × (273 + 115)/(273 + 20) = 2.65 m/s.

8.7  Summary

Gas temperature is of great importance for assessment of heat exposure of humans 
and tunnel structures, estimation of fire detection time, and possibility of fire spread.

A theory of maximum ceiling gas temperature in tunnel fires and useful correla-
tions have been presented. The main influencing parameters were found to include 
the HRR, ventilation velocity, effective tunnel height, and geometry of the fire 
source. The maximum gas excess temperature beneath the tunnel ceiling varies as 
the two-thirds power of the HRR, independent of the longitudinal ventilation veloc-
ity, and with high ventilation, for a small fire in a tunnel with low ventilation, and 
it increases linearly with the HRR and is inversely proportional to the longitudinal 
ventilation velocity for a small fire in a tunnel with high ventilation. In both cases, 
the maximum gas excess temperature varies as a − 5/3 power law of the effective 
tunnel height. For a large fire in a tunnel, that is, when the flame impinges on the 
ceiling and extends along the tunnel ceiling, it was found that the maximum excess 
gas temperature beneath the ceiling approaches a constant value, regardless of the 
ventilation velocity.

The position of the maximum ceiling gas temperature was found to be directly 
related to the dimensionless ventilation velocity. Moreover, it becomes insensitive 
to the HRR for a large tunnel fire, similar to the backlayering length. The reason 
is that these two terms are both directly related to the dimensionless ventilation 
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velocity. A flame angle has been defined here based on the position of the maximum 
ceiling temperature in a tunnel fire. For a given tunnel and fire source, the flame 
angle under critical conditions is almost of the same value, independent of the HRR, 
and the maximum ceiling temperature under critical condition (critical velocity) 
always corresponds to the same position. Generally, the horizontal distance between 
the position of the maximum ceiling temperature and the fire source center is about 
1.5 times the effective tunnel height.

A theoretical analysis of hot smoke flow results in a simple equation for gas 
temperature attenuation along the tunnel. In a large fire, the ceiling flame exists and 
continuously releases heat along the tunnel which results in a much slower decrease 
of the gas temperature along the ceiling in the vicinity of the fire. When the fire is 
very large and the flame length is over ten times tunnel height, a virtual origin needs 
to be accounted for. Note that, the proposed equations can be used for both high and 
low ventilations.

In tunnel fires with longitudinal ventilation, the smoke flows inside the tunnel 
could be considered as one-dimensional flow since the smoke layer generally de-
scends to the floor level at a certain distance downstream of the fire under high ven-
tilation. Simple equations are presented for evaluation of average gas temperature, 
buoyancy force, and et cetera. Note that, the one-dimensional simple model cannot 
be used if the ventilation velocity is too low, for example, lower than a certain value 
such as 1 m/s.
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Chapter 9
Flame Length
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Abstract In a large tunnel fire, the flame impinges on the ceiling and then extends 
along the tunnel ceiling. When the longitudinal ventilation rate is high, flames only 
exist on the downstream side of the fire source, while under low ventilation rate, 
flames exist both upstream and downstream of the fire source. In a large tunnel 
fire the horizontal distance between the fire source and the flame tip is defined as a 
flame length. A theoretical model of flame length in a large tunnel fire is proposed 
in this chapter. A large amount of data relevant to the flame length from model- and 
large-scale tunnel fire tests are used to verify the model. The results show that the 
downstream flame length increases approximately linearly with the heat release rate 
(HRR) but is insensitive to the longitudinal ventilation velocity. The flame length 
under high ventilation rate approximately equals the downstream flame length 
under low ventilation rate. As the longitudinal ventilation velocity decreases, the 
upstream flame length increases and so does the total flame length. Dimensionless 
equations that correlate well with test data are proposed.

Keywords Flame length · Large fire · Downstream flame length · Upstream flame 
length · Heat release rate (HRR) · Longitudinal ventilation velocity

9.1  Introduction

Relatively large fires are needed in order for flames to extend along a tunnel ceiling. 
This corresponds to HRRs that are usually over 20 MWs for most tunnels. Due to 
the confined tunnel space, the ceiling flame length is normally longer than that in 
an open fire or a room fire. This horizontal extension results in higher risk for fire 
spread to the neighbouring vehicles. As the risk of fire spread increases with flame 
length, it is identified as a key parameter that needs to be thoroughly investigated.

The visible flame is a product of combustion which emits visible radiation. The 
flames indicate regions with high gas temperatures. Note that, the room or enclosure 
fires are always related to vertical buoyancy driven turbulent diffusion flames. In 
some special scenarios the fires could be related to turbulent jet flames, for example, 
a liquefied gas tank ejects burning gases from small orifices to several hundred 
times the orifice diameter. Therefore, the focus will be on turbulent diffusion flames 
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as they are more likely in large tunnel fires. The existence of the turbulent diffusion 
flame along the tunnel ceiling is mainly due to insufficient air entrainment.

The combustion of the fuels can be categorized into two parts. In the vertical 
flame zone, part of the combustible gas burns and flows upward until it impinges 
on the tunnel ceiling. In the horizontal flame zone, another part of combustible gas 
burns along the ceiling to a certain distance downstream of the fire source. The 
flame length, Lf, discussed in this chapter is defined as the horizontal distance from 
the impingement point of the fire source center to the flame tip.

In a tunnel fire with natural ventilation or a low ventilation rate, the horizontal 
flame could exist both upstream and downstream of the fire source, as shown in 
Fig. 9.1. Note that generally, the flames on the two sides are not symmetrically dis-
tributed since, even under natural ventilation there is a dominating wind direction. 
Here, the downstream side refers to the region with a slightly longer flame length.

In a tunnel fire with a high ventilation rate, the ceiling flame only exists down-
stream of the fire source, see Fig. 9.2. Compared to the fire under a low ventilation 
rate, more heat is blown to the downstream side and the smoke layer height is lower. 
The distinction condition between the low ventilation rate and high ventilation rate 
will be discussed later.

9.2  Overview of Flame Length in Open and Enclosure Fires

For buoyancy driven turbulent diffusion flames in a quiescent environment (no 
wind), the flame length or flame height has been found to be well correlated with the 
Froude number defined using the parameters of the fuel gas and the flame length, Lf , 
can be estimated using [1]:

Fig. 9.2  Flame length in a large tunnel fire under high ventilation rate

 

Fig. 9.1  Flame length in a large tunnel fire under low ventilation rate or natural ventilation

 



2359.2  Overview of Flame Length in Open and Enclosure Fires 

 (9.1)

where Q  is the HRR (kW), Df is the equivalent diameter of the fire source (m). 
Note that, this equation is only suitable for turbulent diffusion flames. It is widely 
used in fire safety engineering.

The work on flame lengths under unconfined ceilings gives us some valuable 
information about the flame length in a large tunnel fire. When the flame impinges 
on an unconfined ceiling, the unburnt gases spread radialy and a circular disc flame 
can be observed under the ceiling. You and Faeth [2] carried out small-scale experi-
ments and the results show that the ceiling flame length is about half the difference 
between the free flame height in an open fire and the ceiling height. However, this 
estimation is very rough since the tested HRRs were very small. Heskestad and 
Hamada [3] carried out fire tests using larger HRRs ranging from 93 to 760 kW and 
the tests results show that the flame length below the ceiling is about the same as 
the difference between the free flame height and the ceiling height. In other words, 
the total flame length, that is, sum of the ceiling height and the ceiling flame length 
in an enclosure fire equals the free flame height in an open fire.

The flame length in a corridor fire is more similar to a large tunnel fire. Hinkley 
[4] carried out an experimental investigation of flames spreading under an incom-
bustible ceiling in a corridor with one closed end. The fire source was a town gas 
burner placed at one end of the simulated corridor and covered the whole corridor 
width. Hinkley [4] considered the flame length in a corridor as the distance between 
the flame tip and a virtual origin. The horizontal distance between the virtual origin 
of the horizontal flames and the fire source appeared to be twice the ceiling height 
above the fire source, however, more test data are required to support this. Based on 
a dimensional analysis and investigation of the test results, Hinkley [4] presented a 
correlation for the flame length in a corridor with one closed end and an open bot-
tom (no floor). For a dimensionless parameter m* < 0.024 with either no front end 
screen or a 150 mm deep screen fitted to the end of a 7.3 m long corridor, and for 
m* < 0.018 with a 230 mm deep front end screen, the flame length in a corridor with 
one closed end can be expressed as:

 (9.2)

where the dimensionless parameter, m*, is defined as:

In the above equation, m′ is the fuel flow rate per cm corridor width (kgcm−1 s−1), 
H is the ceiling height above the fire source (m), Lf

′, is the horizontal flame length 
from the virtual origin estimated based on an empirical equation to account for the 
vertical flame part (m). The results showed that when m* > 0.024 the flame lengths 
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were underestimated. Note that according to the above equation, the horizontal 
flame length is actually independent of the smoke thickness or corridor height. The 
flame length in the above equation was estimated based on a virtual origin which 
was not well defined. Further, the fire source was attached to the closed end of the 
corridor and covered the whole corridor width, and the corridor had an open bottom 
(no floor). Moreover, the tests were carried out under no ventilation. Therefore, the 
scenario is different to a fire in a tunnel.

Based on Alpert’s work [5] on infinite line plume impinging on a ceiling and 
flowing equally in both directions of a corridor, Babrauskas [6] presented a method 
to estimate the horizontal flame length, assuming that the total entrained mass flow 
rate required for ceiling combustion is the same as that required for vertical com-
bustion flames in the open. Results from Hinkley et al.’s [4] and Atallah’s tests [7] 
were used in the analysis. However, this assumption of entrainment cannot be rea-
sonable for the tunnel/corridor case since the air flow that can be entrained is much 
smaller in a tunnel fire compared to in an open fire.

9.3  Overview of Flame Length in Tunnel Fires

Limited research has been carried out on the flame length in tunnel fires. The focus 
has been on flame lengths on the downstream side. Rew and Deaves [8] presented 
an equation for flame length in tunnels, which included HRR and longitudinal ve-
locity but not the tunnel width or height. Much of their work was based on the 
investigation of the Channel Tunnel Fire in 1996 and test data from the HGV-EU-
REKA 499 fire test [9] and the Memorial Tests [10]. They defined the horizontal 
flame length, Lf, as the distance of the 600 ºC contour from the center of the HGV or 
the pool, or from the rear of the HGV. The flame length from the rear of the HGV 
was represented by the following equation:

 (9.3)

where uo is the longitudinal air velocity (m/s). Note that in the above equation, the 
HRR Q  is expressed in MW. This equation is a conservative fit to a limited data 
obtained from the HGV-EUREKA 499 test. The weakness of Eq. (9.3) is that no 
geometrical parameter has been taken into account, which makes it impossible to 
predict the flame length for other tunnels due to different geometries of tunnel and 
fire source.

Lönnermark and Ingason [11] investigated the flame lengths of the Runehamar 
tests. Alpert’s equation for ceiling jet temperatures [12] were used to estimate the 
form of the equation for the flame length, and the uncertain coefficients were de-
termined by regression analysis which gave a best fit for an exponent of 0.8 for the 
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HRR. Data from the Runehamar tests and some data from the Memorial tests were 
used in the analysis. The proposed equation was expressed as follows:

 (9.4)

where Q  is the HRR (kW), Lf is the horizontal flame length (m), Tf is the flame tip 
temperature (K) and H is the tunnel height (m). Given, that the ceiling jet equation 
used in the analysis is only suitable for ceiling jets under unconfined ceilings, the 
generic use of the equation is limited.

Both equations above imply that the effect of longitudinal ventilation velocity 
on flame length is not as important as the HRR. This phenomenon was observed by 
Ingason and Li [13] in their model-scale tests that flame length is insensitive to the 
longitudinal ventilation velocity.

9.4  Flame Lengths in Tunnel Fires

9.4.1  Transition Between Low and High Ventilation Rate

If the longitudinal ventilation velocity is much lower than the critical velocity, 
there exist two parts of horizontal flame regions, that is, upstream region ( Lf, ds) 
and downstream region ( Lf, us). For high ventilation velocities, the flames only exist 
downstream of the fire. The transition point is therefore, defined as the longitudinal 
velocity under which no ceiling flame exists upstream of the fire source. Accord-
ingly, the “high ventilation” for the flame length is defined as the case with the 
ventilation velocity larger than the transition point, and the “low ventilation” cor-
responds to the ventilation velocity less than the transition point.

Based on Li et al.’s study [14], the ratio of back-layering length to the tunnel 
height is related to the ratio of the ventilation velocity to the critical velocity at 
a given HRR. For high HRRs, the back-layering length is only dependent on the 
ventilation velocity, regardless of the HRR. Note that the upstream flame length is 
part of the back-layering length, and the fires with ceiling flames only correspond 
to high HRRs. Therefore, similar to the critical velocity, a dimensionless ventilation 
velocity at the transition point is defined:

 (9.5)

A dimensionless HRR was defined according to the following equation:

 (9.6)
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where uo is the longitudinal velocity (m/s), g is the gravitational acceleration (m/s2), 
H is the tunnel height (m), Q  is the HRR (kW), ρo is an ambient air density (kg/m3), 
cp is the heat of capacity (kJ/kg K), To is an ambient air temperature (K). Subscript 
tp indicates transition point.

Figure 9.3 shows a plot of data with and without upstream flames. Data from lon-
gitudinal tunnel fire tests conducted at SP [13], point extraction tests also conducted 
at SP [15], the Memorial tunnel tests [10] and the Runehamar tests [16] are used in 
the analysis. For further information about large- and model-scale tests see Chap. 3. 
The solid data points represent a situation when the flames existed on the upstream 
side in the tests, and the hollow data points indicate when no flames were obtained 
on the upstream side for different longitudinal velocities. The data show that there 
is a clear transition line that exists between the solid and hollow data points. This 
line can be expressed as:

 (9.7)

Given that the dimensionless critical velocity approaches 0.43 for large fires [14], 
the results shown in Fig. 9.3 indicate that the transition point corresponds to a lon-
gitudinal velocity of approximately 70 % of the critical velocity.

Example 9.1 Estimate the location of the ceiling flames for a 150 MW fire in a 
tunnel with dimensions of 6 m high and 6 m wide at a longitudinal velocity of 1 
and 3 m/s, respectively. What are the scenarios if the tunnel instead is 6 m high and 
12 m wide.

Solution: Calculate the dimensionless longitudinal velocity using Eq. (9.5), 
u* = 0.13 <0.3 for the velocity of 1 m/s and u* = 0.39 > 0.3 for the velocity of 3 m/s. 

utp
* .= 0 3

Fig. 9.3  Transition line between low ventilation rate and high ventilation rate
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Therefore, we know that both upstream and downstream flames exist for 1 m/s and 
only downstream flame exists for 3 m/s. If the tunnel width is 12 m instead, it means 
that the scenarios are the same as the tunnel width does not influence the results.

9.4.2  Model of Flame Length in Tunnel Fires

Under low ventilation rate conditions, two parts of the flame exist: upstream and 
downstream of the fire, respectively.

In the ceiling flame zone, relatively good stratification probably exists, that is, 
there appears to be a clear layer interface between the fire and the fresh air. The total 
mass flow rate at the flame tip in the horizontal combustion region can be estimated 
as follows:

 (9.8)

where mhr
is the mass flow rate of the entrained air from the lower layer by the hori-

zontal flame (kg/s), ρo is the density of the entrained air (kg/m3), v is the entrainment 
velocity (m/s), W is the tunnel width (m), x is the distance from the fire, and Lf is the 
horizontal flame length (m).

The combustion in the horizontal flame is mainly dependent on the entrainment 
of the air flow and the mixing at the interface. The entrainment velocity for the mix-
ing layer is given in the same form as that for the vertical plume. More information 
can be found in Chap. 12. The upstream and downstream entrainment velocities, 
can be expressed as:

 (9.9)

where subscripts us and ds represent upstream and downstream, respectively, “+” 
indicates opposite directions between longitudinal flow and smoke, and vice versa.

Note that, the entrainment coefficient in a vertical plume is assumed to be a con-
stant. For simplicity, we also assume the average entrainment coefficient along the 
flame β is a constant.

Thus, the mass flow rate of total entrained air downstream, mds
(kg/s), and up-

stream of the fire, mus
(kg/s), can be respectively expressed as:

 (9.10)

We also know from the research on open fires that there is a relationship between 
the HRR and the entrained air, that is, the HRR should be intimately related to the 
mass of entrained air flows. Here, we assume that the ratio of air flows involved 
in reaction and total entrained air flows is k. Therefore, the energy equation can be 
expressed as:

 (9.11)
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where Qvt
 is the heat released in the vertical flame region (kW), ξ is the ratio of the 

oxygen involved in the combustion to the oxygen entrained (or the ratio of air flow 
involved in the combustion to the total entrained air flow), ΔHO2 is the heat released 
while consuming 1 kg of oxygen (kJ/kg), YO2 is the mass concentration of oxygen 
in the air flow at the lower layer. The second term on the right-hand side means the 
heat released in the horizontal flame regions.

Inserting Eq. (9.10) into Eq. (9.11) gives:

 (9.12)

For upstream and downstream ceiling flames, the ratio k should be approximately 
the same, that is 

ds usξ ξ ξ= = . Therefore, we have

 (9.13)

The mass flow rate in the vertical flame region under different ventilation condi-
tions has not yet been explored thoroughly. Li et al. [17, 18] carried out a theoretical 
analysis of the maximum gas temperature beneath a tunnel ceiling and the mass 
flow rate of the fire plume in a ventilated flow based on a plume theory. The HRR, 
longitudinal ventilation velocity and tunnel geometry were taken into account. Test 
data were also used to verify the theoretical model and good agreement was ob-
tained between the theory and test data. However, the entrainment of the flame zone 
is very different compared to the plume zone. Due to lack of information, we may 
assume that the entrainment inside the flame region in tunnel flows is similar to that 
in open fires. Delichatois [19] proposed simple correlations for the mass flow rate 
inside the flame:

 (9.14)

where z is the height above the fire source (m), m z( )  is the mass flow rate inside 
the flame at height z (kg/s), and DF is the diameter of the fire source (m). Note that, 
the equation for the mass flow at height z can also be expressed as:

 (9.15)

where u is the vertical gas velocity (m/s) and D(z) is the diameter of the plume at 
height z (m). It can be expected that the fire plume diameter is proportional to the 
diameter of the fire source, that is, D(z)∝DF, and the temperature inside the continu-
ous flame zone can be reasonably considered as constant. Combining the above two 
equations suggests that the maximum vertical gas velocity, umax,v, can be expressed 
as:

 (9.16)
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where umax,v, is the maximum velocity of the vertical flame (m/s), Hef is the effective 
tunnel height (m), that is, the tunnel height above the fire source. For vehicle fires or 
solid fuel fires, the effective tunnel height is the vertical distance between the bot-
tom of the fire source and the tunnel ceiling. The above relationship correlates well 
with Thomas’ equation for gas velocities in the flame zone [20].

The velocity of the fire plume after impingement on the ceiling slightly decreas-
es, however, it can be assumed to be proportional to the maximum velocity in the 
vertical plume, as proved in the research on ceiling jets [12]. This indicates the 
maximum horizontal gas velocity, umax,h, could also be expressed as:

 (9.17)

where umax,h, is the maximum velocity of the horizontal flame (m/s). The horizontal 
maximum gas velocity could be considered as a characteristic velocity for the ceil-
ing flames.

9.4.3  Flame Length with High Ventilation Rate

According to the previous definition, the high ventilation here corresponds to the 
ventilation velocity under which no ceiling flame exists upstream of the fire source, 
that is, a dimensionless ventilation velocity greater than 0.3u*. In such cases, the 
ceiling flames only exist downstream of the fire, see Fig. 9.4.

Note that, generally the longitudinal ventilation velocity is around 3 m/s for a 
tunnel with longitudinal ventilation during a fire and even less for transverse and 
semi-transverse ventilation. For a large tunnel fire with a relatively long ceiling 
flame length, the smoke velocity right above the fire could range from 6 to 12 m/s or 
even higher. Apparently, this velocity is relatively low compared to the gas velocity 
in the ceiling flame region. Therefore, we may use the gas velocity under natural 
ventilation to approximately express the velocity difference between the ceiling 
flame layer and lower layer, that is

 (9.18)

u Hh efmax,
/∝ 1 2

u u Hds o ef− ∝ 1 2/

Fig. 9.4  A schematic diagram of entrainment under high ventilation
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For a HGV fire, the horizontal flame could be very long, that is several times or 
even over ten times the tunnel height. The combustion in the vertical flame region 
could be limited due to the confinement of the tunnel configuration. Moreover, the 
flame was deflected and thus, the vertical flame region also contributes to the flame 
length. Therefore, as a first attempt, the combustion in the vertical flame region is 
ignored. Given that the air entrained from the lower layer is generally not highly 
vitiated, the oxygen concentration for the entrained air is considered to be constant, 
that is close to ambient. Thus from Eq. (9.13) one gets:

 (9.19)

For a rectangular tunnel, A = WH. For other shapes, the tunnel width could vary 
with the flame layer height above the floor. For simplicity, let us estimate the tunnel 
width using W = A/H. The above equation can therefore, be written as:

 (9.20)

To normalize the results, two dimensionless parameters are defined here. The di-
mensionless flame length is defined as:

 (9.21)

The dimensionless heat release rate is defined as:

 (9.22)

Therefore, we expect that the dimensionless flame length is proportional to the di-
mensionless HRR:

 (9.23)

where Cf is a coefficient which will be determined by experimental data. It can be 
seen that the flame length is independent of the ventilation velocity, under the above 
assumptions. This conclusion is in accordance with the previous findings presented 
in Sect. 9.3. Figure 9.5 shows the dimensionless flame lengths under high ventila-
tion as a function of the dimensionless HRR. Test data from longitudinal tunnel fire 
tests conducted at SP [13], point extraction tests also conducted at SP [15], EU-
REKA 499 programme [9], Memorial tunnel tests [10], and Runehamar tests [16] 
were plotted. Clearly, the proposed equation correlates well with the test data. The 
correlation can be expressed as:
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 (9.24)

It can be concluded that under high ventilation, the flame length in a tunnel fire is 
mainly dependent on the HRR, tunnel width and the effective tunnel height, and 
insensitive to the ventilation velocity.

Example 9.2 Calculate the flame length for a 150 MW fire in a tunnel with dimen-
sions of 6 m high and 6 m wide ( H × W) at a longitudinal velocity of 3 m/s, respec-
tively. The bottom of the fire sources is 1 m ( Hef = 5 m) above the tunnel floor. What 
is the flame length ( Lf, ds) if the tunnel instead is 6 m high and 12 m wide?

Solution: From Example 9.1, we know that for the tunnel with a width of either 
6 or 12 m, only downstream flame exists at a longitudinal velocity of 3 m/s. The 
dimensionless HRR can be estimated using Eq. (9.22):Qf

* = (150 × 1000)/(1.2 × 1 
× 293 × 9.80.5 × 6 × 6 × 50.5) = 1.69. For 3 m/s, the downstream flame length can be 
calculated using Eq. (9.21) and Eq. (9.24), that is, Lf, ds = 5.5 × 1.69 × 6 = 56 m. If the 
tunnel width is 12 m instead, the flame lengths calculated will reduce by 50 %, since 
the width is in the denominator in Eq. (9.22), that is, Lf, ds = 28 m.

9.4.4  Flame Length Under Low Ventilation Rate

Under low ventilation rate conditions, two parts of horizontal flame regions exist, that 
is the upstream and downstream regions. The relative velocity can be estimated using:

L Qf ds f,
* *.= 5 5

Fig. 9.5  Flame lengths under high ventilation rate
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 (9.25)

The combustion in the vertical flame region is also considered as being limited and 
thus, ignored as a first approximation.

For a slightly higher ventilation velocity, for example, 1.5 m/s, the length of the 
upstream flame and the back-layering is short, and therefore, the entrained air in 
the upstream flame region will only be slightly vitiated (inerted). However, the air 
could be highly vitiated in the downstream flame region. If no dominating ventila-
tion direction exists, the fresh air will be entrained from both sides of the tunnel by 
thermal pressure created by the hot smoke. The air entrained into the flame region 
on both upstream and downstream sides could be highly vitiated, see Fig. 9.6. This 
phenomenon has not been clearly understood and needs to be further investigated. 
As a first approximation, the oxygen concentration will be implicitly accounted for 
in the following analysis. Therefore, we have:

 (9.26)

where YO2
is the average oxygen concentration of the entrained air, Lf,tot is the total 

flame length (m).
Therefore, the dimensionless total flame length could be expressed as:

 (9.27)

where Cf′ is a coefficient which will be determined by experimental data.
Figure 9.7 shows the dimensionless total flame lengths under low ventilation 

conditions as a function of the dimensionless HRR. Test data from EUREKA 499 
programme [9], Memorial tunnel tests [10], and Hinkley’s tests [4] were used. Note 
that in Hinkley’s tests [4] the fire sources were attached to one closed end, and 
thus the scenario could be considered as being symmetrical, that is both the flame 
lengths and HRRs are doubled while plotting in the figure. It is clearly shown that 
the proposed equation correlate very well with the test data. The correlation can be 
expressed as:
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Fig. 9.6  A schematic diagram of the vitiated gas entrained into the ceiling flame region under 
natural ventilation or low ventilation
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 (9.28)

We may also want to know how the downstream flame length varies with the longi-
tudinal ventilation velocity. Figure 9.8 shows the dimensionless downstream flame 
lengths under high ventilation as a function of the dimensionless HRR.

Test data from EUREKA 499 programme [9], Memorial tunnel tests [10], and 
Hinkley’s tests [4] were used, see Chap. 3. For test data from Hinkley’s tests [4], the 
HRRs are doubled in the figure. Under natural ventilation or very low ventilation, 
the air entrained into the ceiling flame region is vitiated, as shown in Fig. 9.6. Es-
pecially in the vicinity of the fire the air quality gets worse. This suggests that more 
gas needs to be entrained into the flame region for combustion, that is, the flame 
length could be longer than with high ventilation, which will be discussed later.

The downstream flame length under low ventilation rate can be expressed as:

 (9.29)

Comparing the above equation to the equation for flame length under high ventila-
tion shows a very small difference. This suggests that the downstream flame length 
is insensitive to the ventilation velocity. In other words, the flame length under 
high ventilation is approximately equal to the downstream flame length under low 
ventilation. For simplicity, the downstream flame length can be estimated using 
Eq. (9.24), regardless of the ventilation conditions.

Thus, as the ventilation velocity decreases, the total flame length increases, al-
though, the downstream flame length is approximately invariant. In other words, 

L Qf tot f,
* *.= 10 2

L Qf ds f,
* *.= 5 2

Fig. 9.7  Total flame length under low ventilation rate
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the increase of total flame length due to a lower ventilation velocity is due to the 
existence of the upstream flame.

Example 9.3 Calculate the flame length in the same scenarios as described in 
Example 9.2 but at a longitudinal velocity of 1 m/s.

Solution: From Example 9.1, we know that both upstream and downstream 
flames exist for the velocity of 1 m/s. The dimensionless heat release rate is 
Qf

* = (150 × 1000)/(1.2 × 1 × 293 × 9.80.5 × 6 × 6 × 50.5) = 1.69. For 1 m/s, the 
maximum total flame length can be calculated using Eq. (9.28), that is Lf,tot = 10
.2 × 1.69 × 6 = 103 m, and the downstream flame length can be calculated using 
Eq. (9.21) and Eq. (9.24) although the results could tend to be conservative, that 
is, Lf,ds = 5.2 × 1.69 × 6 = 53 m. The upstream flame length can be estimated as: 
Lf,us = 103−53 = 50 m. In reality, the upstream flame length could be slightly shorter 
than this value for a velocity of 1 m/s. If the tunnel width is 12 m instead, the flame 
lengths calculated will reduce by 50 % since the width is in the denominator in 
Eq. (9.22).

9.5  Summary

In a large tunnel fire, the flame impinges on the ceiling and then extends along the 
tunnel ceiling for a certain distance. Under high ventilation rate conditions only 
downstream flame exists, and under low ventilation rate conditions, both upstream 

Fig. 9.8  Downstream flame length under low ventilation
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and downstream flames exist. The horizontal distance between the fire source and 
the flame tip is called the flame length in a tunnel fire. A simple theoretical model 
for the flame length in a large tunnel fire was proposed. A large amount of experi-
mental data relevant to the flame length was used to verify the model.

The downstream flame length was found to be directly related to the HRR, tun-
nel width and effective tunnel height, and insensitive to the ventilation velocity. 
The downstream flame length can be estimated using Eq. (9.24), regardless of the 
ventilation conditions.

Under low ventilation, that is, u* < 0.3, the total flame length increases with the 
decreasing ventilation velocity, despite that the downstream flame length is ap-
proximately invariant. This indicates that increase in the total flame length due to 
a lower ventilation velocity is only due to the existence of the upstream flame. The 
maximum total flame length is obtained when there is no ventilation in the tunnel, 
and it is approximately twice the downstream flame length in tunnel fires under 
high ventilation. The maximum total flame length under low ventilation can be 
estimated using Eq. (9.28).
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Chapter 10
Heat Flux and Thermal Resistance

© Springer Science+Business Media New York 2015
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Abstract Heat flux is a major issue that must be considered for evacuation, fire 
spread, and structure protection in tunnel fires. The three heat transfer mechanisms: 
convective, radiative, and conductive heat transfer are described with a focus on 
correlations related to tunnel fires. The Reynolds–Colburn analogy is introduced 
as a basis for calculation of convective heat transfer. Characteristics of the absorb-
ing, emitting, and scattering gases are summarized, together with radiation between 
multiple surfaces. Analytical solutions for heat conduction into tunnel walls are 
summarized for different types of simplified boundary conditions. The overall heat 
transfer from flames and gases to the tunnel structure involves all three heat trans-
fer mechanisms; their correlations are illustrated using an electrical circuit analog. 
Simple models for calculating heat flux in small and large tunnel fires are pre-
sented with a focus on radiation. Correlations for incident heat flux are proposed 
and verified for small and large fires in tunnels, taking radiation from both flames 
and smoke into account.

Keywords Heat transfer · Convection · Radiation · Conduction · Heat flux · 
Boundary condition · Flame radiation · Tunnel fire

10.1  Introduction

There are three basic modes of heat transfer: convective heat transfer, radiation 
heat transfer, and heat conduction. The internal driving force of all the heat transfer 
modes is the temperature gradient among substances or mediums. Convective heat 
transfer is attributed to the temperature difference between gas flow and a solid or 
liquid surface. Radiative heat transfer is driven by temperature differences among 
substances or mediums that have a clear line of sight between them. Heat conduc-
tion is triggered by the temperature difference in solid substances. A large amount 
of literature on heat transfer is available, see for example textbook references [1–5].

Other fire safety phenomena, such as evaporation of liquid fuels or water drop-
lets, sublimation of solid fuels, and gas phase chemical reactions are also effected 
by heat transfer.
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In the fire research community many useful heat flux equations have been pro-
posed for simple estimation of the heat flux from fires and hot gases to walls and 
ceilings [6]. However, most of these equations are empirical and only suitable for 
specific scenarios and not necessarily tunnel fires. This chapter focuses on the three 
basic modes of heat transfer and applies the basic theory to solve problems in tunnel 
fire safety.

10.2  Convective Heat Transfer

Convective heat transfer is the heat exchange in the boundary layer between a fluid 
and a solid or liquid surface. The heat loss, to or from the surface follows Fourier’s 
law on both sides of the surface. By introducing a convective heat transfer coeffi-
cient, hc, the convective heat flux at the boundary can be expressed as:

 (10.1)

In the above equation, ′′qw c, is the convective heat flux (kW/m2), k is the conductiv-
ity (kW/(mK)), hc is the convective heat transfer coefficient (kW/(m2K), T is the 
temperature (K) and z is the distance normal to the surface (m). Subscript w speci-
fies the wall surface and ∞ the surrounding fluid. Note that the fluid temperature T∞ 
in the above equation is the ambient fluid temperature outside the boundary layer.

After introducing a characteristic length l (m) and normalizing the above equa-
tion, the convective heat transfer coefficient can be correlated with the Nusselt 
number, Nu:

 (10.2)

The above equation indicates that in reality the Nusselt number, Nu, is correlated 
with a characteristic temperature layer thickness, δ′t (m), by the following equa-
tion:

 (10.3)

In other words, the Nusselt number is inversely proportional to the temperature 
thickness. The boundary layers for laminar flow and turbulent flow will be dis-
cussed in the following section.

For engineering applications, the convective heat transfer coefficient is a single 
key parameter to be determined, which can be estimated based on the Nusselt num-
ber:

 (10.4)
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Therefore, the Nusselt number must be known for estimation of convective heat 
transfer. Further, it should be noted that the characteristic length differs from one 
application to another, and that the characteristic length in the above equation and 
in the correlation for the Nusselt number should be the same. Comparing Eq. (10.3) 
with Eq. (10.4) gives the expression for the thermal thickness: δ′t = k/hc.

10.2.1  Boundary Layer

Convective heat transfer occurs in the boundary layer. Therefore, the thickness of 
the boundary layer and the flow modes within it are very important in determin-
ing the convective heat flux. For a simple geometry, an analytical solution can be 
obtained by analysis of the controlling equations, based on some simplifications. A 
good example is the flow over a flat plate with a sharp leading edge, see Fig. 10.1. 
Near the leading edge the flow is purely laminar with small thickness; then the flow 
enters a transitional phase, and finally becomes fully turbulent as the distance away 
from the leading edge increases.

For laminar flows, the boundary layer is viscous and therefore the viscous force 
controls the velocity distribution normal to the surface. In other words, there is only 
one layer for laminar flows, see Fig. 10.1. However, for turbulent flows, the bound-
ary layer mainly consists of four sub-layers, that is, the viscous sub-layer, the buffer 
layer, the log layer, and the outer layer, see Fig. 10.1. In the viscous sub-layer, eddy 
diffusivity is small compared to viscous diffusivity and thus can be ignored. The 
buffer layer is a transitional layer between the viscous sub-layer and the log layer. 
In the log layer turbulent eddy diffusivity becomes dominant. In the outer layer, 
inertial forces dominate the flow and thus the layer is only weakly influenced by the 
wall. Despite this, the main thermal resistance of the boundary layer results from 
the viscous sub-layer for turbulent flows. For rough walls the viscous sub-layer can 
be easily disrupted, therefore the thermal resistance decreases significantly and the 
heat transfer increases accordingly.

The thickness of the flow boundary, δ (m), for laminar flows on a flat plate [2] 
can be estimated using:

 (10.5)1/24.92 Reδ −= xx

Fig. 10.1  Boundary layers on a flat plate with sharp edge

 



252 10 Heat Flux and Thermal Resistance

For turbulent flows on a flat plate it becomes [2]:

 (10.6)

where the Reynolds number, Re, is defined as:

 (10.7)

In the above equations, x is the distance from the upstream edge of the plate (m), u 
is the fluid velocity (m/s), v is the kinematic viscosity (m2/s), δ is the flow boundary 
layer thickness (m), and Rex is the Reynolds number at location x.

The Reynolds number characterizes the influence of inertial force and viscous 
force in a flow. It can be used to determine whether the flow is laminar flow, transi-
tional flow, or turbulent flow.

The characteristic length in the equations for the thickness is the distance away 
from the entrance. However, the turbulent length in a tunnel is restricted by the 
tunnel diameter. Note that these results are obtained based on smooth surfaces. The 
thickness of the turbulent flows in reality corresponds to the log layer since the 
viscous sub-layer is very thin at a high Reynolds number.

10.2.2  Reynolds–Colburn Analogy

The momentum equation for the flow boundary layer and the energy equation for 
the temperature boundary layer have the same form with similar boundary condi-
tions, except for a difference in the diffusivity coefficients. The kinematic viscosity 
v is used for the flow boundary and the thermal diffusivity a is used for the tempera-
ture boundary in laminar flows, while the eddy diffusivity εm is used for the flow 
boundary, and the eddy diffusivity of heat εT is used for the temperature boundary 
in turbulent flows. The high similarity between momentum and convective heat 
transfer provides an easy way of estimating the convective heat transfer based on 
knowledge of the flow boundary.

The Reynolds–Colburn analogy for laminar flows, transitional flows, and turbu-
lent flows not too far above the transition can be approximated as follows [1]:

 (10.8)

where the Stanton number, St, is defined as

 (10.9)

and the skin friction coefficient:

 (10.10)
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The Reynolds number, Re, is defined as:

 (10.11)

The Prandtl number, Pr, is defined as:

 (10.12)

In the above equations, Cf is the skin friction coefficient, ρ is the gas density (kg/
m3), cp is the heat capacity (kJ/(kgK)), u is the gas velocity (m/s), τw is the wall shear 
stress (N/m2), l is the characteristic length (m), µ is the dynamic viscosity (kg/ms) 
and a is the thermal diffusivity (m2/s).

Note that the Stanton number represents the ratio of the convective heat flux to 
the total heat flux capacity of the flow. The Prandtl number characterizes the influ-
ence of viscous diffusivity and thermal diffusivity in a flow.

The Nusselt number can be expressed as:

 (10.13)

or

 (10.14)

However, it should be kept in mind that the equation is based on complete similar-
ity between the temperature boundary layer and flow boundary layer, that is, it is 
assumed that Pr is equivalent to 1, or the flow boundary layer and temperature 
boundary layer have the same thickness. In reality, Pr is lower than 1 for air, which 
results in a thicker temperature boundary layer. The ratio of the thickness of the 
temperature boundary layer and the flow boundary layer for laminar flows can be 
approximated by:

 (10.15)

where δt and δ are the thickness of the thermal boundary layer (m) and the thickness 
of the flow boundary layer (m) respectively.

The boundary layers in laminar flow, transitional flow, and turbulent flow are 
different. Thus, the expression of the Nusselt number could be very complicated in 
order to cover the different flow modes.

The Reynolds analogy for turbulent flows can be expressed as follows [7]:

 (10.16)
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The difference between this equation for turbulent flows and Eq. (10.8) for laminar 
flows is apparent. Note that these equations are for smooth surfaces. If the wall 
is rough, the second term in the denominator must be revised to account for the 
roughness.

10.2.3  Forced Convection

In tunnel fires, longitudinal flows moving into and out of the tunnel usually exist 
in one way or another due to either mechanical ventilation, natural ventilation, or 
buoyancy force resulting from the fire itself. Therefore, in tunnel fires convective 
heat transfer is always related to forced convection and turbulent flows of, for ex-
ample, the hot gases flowing along the tunnel ceiling or the cold air flowing along 
the heated tunnel floor.

The Nusselt number for forced convection generally has a form of [1]:

 (10.17)

where m, n, and C are coefficients depending on the scenarios.
For a flat plate in forced convection, for example, the tunnel floor, the equation 

for the Nusselt number can be expressed as [2]:

 (10.18)

In Eq. (10.18), the characteristic length l is the distance from the edge of the solid 
surface. However, the turbulent length in a tunnel is restricted by tunnel geometry, 
and generally the hydraulic diameter of the tunnel can be used as a characteristic 
length. Therefore, although Eq. (10.18) was not proposed for tunnel flows, it can be 
used to roughly estimate the convective heat transfer in a tunnel.

Note that the above equations are all for smooth surfaces, which indicates that 
the roughness is considered as 0 or at least so small that its influence on the heat 
transfer is negligible. For a wall having a rough surface, the viscous sub-layer is 
disrupted and the thermal resistance of the sub-layer decreases significantly. The 
convective heat transfer coefficient on a wall with a rough surface can be twice that 
of a smooth wall for the same flow situation.

In the analysis of heat flux problems in tunnel fires, the convective heat transfer 
equations for tube flows are recommended to be used. For tubes with rough sur-
faces, the friction is generally expressed in terms of the Darcy–Weisbach friction 
factor, f, which is defined as:

 (10.19)
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where Δp is the pressure loss (Pa), L is the length (m), and D is the diameter (m).
The Nusselt number for a wall with a rough surface is well correlated by the fol-

lowing relationship [8]:

 (10.20)

The relationship applies for the following ranges of Re and the relative roughness 
of the surface ε/D:

The Reynolds number depends on the relative roughness of the surface and is de-
fined as:

 (10.21)

The Darcy–Weisbach friction factor is correlated with the roughness and the Reyn-
olds number by [9]:

 (10.22)

In the above equations, ε is the root mean square roughness of the surface (m), 
and ε/D is the relative roughness of the surface. Note that for fully developed tur-
bulent flows, the Darcy–Weisbach friction factor is not sensitive to the Reynolds 
number.

In the above equations, all properties are estimated at the flow temperature. This 
makes the above equations easy to use.

Generally, the tunnel diameter can be used as the characteristic length in the heat 
transfer analysis of the whole system. Also the hydraulic diameter can be used in 
the analysis of heat loss to walls surrounding the hot gases where clear stratification 
exists. The hydraulic diameter can be calculated by:

 (10.23)

where A is the flow area (m2), and P is the wet perimeter of the flow (m).
Note that the convective heat transfer is not very sensitive to the characteristic 

length scale in a tunnel. Therefore, the error introduced by slight differences in 
choosing the characteristic length scale should be quite limited in most cases.
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10.2.4  Natural Convection

Natural convection suggests that the flow movement is induced internally or inher-
ently. Although the natural convection mode is not so important in tunnel fires, it is 
shortly described here for completeness.

The Nusselt number for natural convection generally has a form of:

 (10.24)

where the Rayleigh number, Ral, is defined as:

 (10.25)

and the Grashof number, Grl, is defined as:

 (10.26)

where g is the gravitational acceleration, ΔT is the difference between gas tempera-
ture and wall surface temperature, β is the thermal expansion coefficient (1/K), and 
superscript m is a coefficient.

For a vertical plate heated by radiation from flames and hot gases under natural 
convection, the Nusselt number can be expressed as [2]:

 (10.27)

All the properties in Eq. (10.27) should be evaluated at T = ( Tw + T∞)/2, with the ex-
ception of the expansion coefficient which should be evaluated at T∞ (temperature 
of the main flow stream).

10.2.5  Gas Properties

Generally atmospheric air properties can be used as properties for smoke flows, 
due to the inertia dominance of nitrogen gas in the smoke flow. The gas properties, 
for example, conductivity, thermal, and kinematic viscosity vary significantly with 
temperature. They can be obtained from tables or estimated using some simplified 
expressions which are proposed in the following equations.

Based on the data from reference [10], approximate expressions for air tempera-
ture in a range of 0–2000 °C at standard atmospheric pressure are given here for 
convenience. The conductivity, k (W/(m K)), could be expressed as:

 (10.28)
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and the thermal diffusivity, a (m2/s),:

 (10.29)

and the kinematic viscosity, v (m2/s),:

 (10.30)

where T is the gas temperature in Kelvin (K).
According to the definition of thermal diffusivity, the heat capacity, cp (J/(kg·K)), 

could be simply estimated by:

 (10.31)

Note that, the Prandtl number is insensitive to temperature and can be approximated 
as:

 (10.32)

These expressions can be conveniently used to estimate the gas properties.

Example 10.1 A 6 m high and 10 m wide rock tunnel is full of 1000 °C sooty gases. 
The rock tunnel has an average roughness of 10 cm. The smoke flow velocity is 
assumed to be 7 m/s. Estimate the convective heat transfer coefficient.

Solution: Eq. (10.4) can be used to estimate the convective heat transfer. First, 
calculate the gas properties using Eqs. (10.28)–(10.31): k = 0.095 W/(m⋅K), 
a = 0.00033 m2/s, v = 0.00024 m2/s, and cp = 1250 J/(kg·K). The hydraulic diameter 
of the tunnel D is 7.5 m (Eq. (10.23)). Given that this rock tunnel is very rough, Eq. 
(10.20) can be used to estimate the Nusselt number. We first calculate the relative 
roughness ε/D = 0.013, then ReD = 218750 with the aid of Eq. (10.11), f = 0.042 with 
the aid of Eq. (10.22) and finally Reε = 212 with the aid of Eq. (10.21). Now we 
can estimate the Nusselt number using Eq. (10.20) that is NuD = 683. The convec-
tive heat transfer coefficient is finally estimated to be hc = k·NuD/D = 8.65 W/(m2K) 
(Eq. (10.4)).

10.3  Radiative Heat Transfer

All bodies emit energy by electromagnetic radiation. The intensity mainly depends 
on the temperature and properties of the emitting surface. Further, smoke emits, 
absorbs, and even scatters radiation from flames and hot surfaces.
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10.3.1  Simplification in Engineering Application

Generally, all surfaces can be simplified into diffuse surfaces in which all energy 
is reflected or radiated equally in every solid angle. Although, radiation is strongly 
dependent on the wavelength of the emitted energy, this influence is eliminated by 
introducing simple assumptions in engineering applications which are discussed in 
the following text.

A black body is an idealized surface which absorbs all incident radiation. The 
total emissive power from a blackbody per unit area, eb (kW/m2), can be calculated 
by:

 (10.33)

where the Stefan–Boltzmann constant, σ, is 5.67 × 10−11 kW/(m2 · K4), and T is the 
temperature in Kelvin (K).

Realistic surfaces are not blackbodies and cannot absorb all incident radiation. 
Instead, part of the incident radiation is reflected.

For simplicity, the gray body approximation is introduced here. This means that 
all properties of the surface are independent of the wavelength. The emissive power 
from a gray body per unit area, e, can be calculated by introducing the emissivity, ε:

 (10.34)

Note that incident radiation can be absorbed, reflected, or passed through the sur-
face, thus the following equation is obtained:

 (10.35)

The emissivity is ε, absorptance is α, transmittance is τ, and reflectance is γ.
For most solid surfaces, the radiation cannot penetrate the solid surface. There-

fore, following equation is obtained:

 (10.36)

According to the Kirchhoff’s law, the emissivity of all diffusive gray bodies is equal 
to the absorption, or

 (10.37)

The above equation works for most practical surfaces in engineering applications.

10.3.2  View Factor

The radiation from blackbody i to another blackbody j can be expressed as:

 (10.38)
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where the view factor is defined as:

 (10.39)

where A is the surface area (m2), F is the view factor, Q  is the radiative heat (kW), 
ß is the angle between the light of sight and the surface normal, and s is the distance 
(m) between dAi and dAj. Subscripts i and j indicate ith and jth surface. The physical 
meaning of the view factor Fi−j is the fraction of radiation emitted by ith surface that 
is received by jth surface.

The following two equations are always fulfilled:

 (10.40)

and

 (10.41)

The view factor represents the percentage of radiation from one object to another. 
The analytical solution, even for a simple case, is difficult to obtain although the 
definition is very clear.

10.3.3  Radiation Among Multiple Surfaces

Radiation among multiple surfaces can be very complicated. To express it clearly, 
the electrical circuit analog is introduced. Figure 10.2 shows a diagram of the sur-
face radiation balance. The irradiance (incident heat flux), ′′qinc ( )kW/m2 , and the 
radiosity, J (kW/m2), can be expressed as:

 (10.42)

The net radiation at the surface, Qnet
(kW), is:

 (10.43)
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Fig. 10.2  A diagram of sur-
face radiation balance
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We can consider that the radiation J is emitted from an equivalent blackbody beside 
the realistic surface with the same view factor from ith surface to jth surface. Thus, 
the radiation between Ji and Jj can be expressed simply by:

 (10.44)

The form of the above two equations suggests an electrical circuit with potentials e 
or J, current Q , and resistors. For example, the radiation between two parallel in-
finite plates can be shown in Fig. 10.3. This method of expressing the heat transfer 
process is called the electrical circuit analog.

The net heat flux between surface i and surface j can be simply calculated as:

 (10.45)

For a more complicated case when multiple surfaces are involved, the net heat flux 
Qnet at the surface can be obtained by solving the following equation:

 (10.46)

where the Kronecker delta, δij, is defined as:

 (10.47)

For n surfaces involved in the radiation, N equation can be solved for the n unknown 
values of Qnet, j.

10.3.4  Absorbing, Emitting and Scattering Gas

Smoke absorbs, emits and even scatters the radiation from flames and hot surfaces. 
In a fire producing very sooty smoke, radiation from the walls could be mostly ab-
sorbed and the smoke layer itself acts similar to a gray body or a “gray gas”. In these 
scenarios, the properties of the smoke must be considered. The gray gas approxima-
tion works in many engineering applications. All properties of the gases, including 
emissivity and absorptance are assumed to be independent of the wavelength. 
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Generally, the smoke can be considered as a nonscattering gas. Thus we obtain the 
following equation:

 (10.48)

where the subscript g indicates gas (including both gas molecules and smoke par-
ticles).

Ignoring the scattering effect, the radiation transport equation (RTE) along path 
s, can be simply expressed as:

 (10.49)

where I is the radiation intensity (kW/m2⋅steradian), κ is the absorption coefficient 
(1/m) and s is the path length (m). The radiation intensity from a blackbody is:

 (10.50)

Equation (10.49) suggests that along a path s, the radiation intensity is absorbed by 
the gas, however, the gas volume also emits the radiation. If the scattering effect is 
taken into account, the absorption coefficient in the second term on the right-hand 
side must be replaced by the sum of the absorption coefficient α and a scattering 
coefficient.

Assuming that one gas volume is homogeneous, the RTE equation, that is 
Eq. (10.49), can be integrated and the following equation is obtained:

 (10.51)

Equation (10.49) can be transformed into:

 (10.52)

Note that the terms on the right-hand side of the above equation corresponds to 
heat transmitted through and heat emitted from a gas volume. Note that I(0) and Ib 
appear to be independent and thus it is simple to obtain the definitions of transmit-
tance, τ, and emissivity, ε, for the gas volume:

 (10.53)

Note that the Kirchoff’s law also works for gas, which suggests that the emissivity 
of the medium equals its absorptance. This can be easily checked from Eqs. (10.48) 
and (10.53).

In engineering applications, to estimate the overall emissivity of a large gas vol-
ume, the path length, s, is normally replaced by a mean beam length, Lm (m), which 
is defined as:

 (10.54)
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where the volume containing the hot gases is Vm (m3) and the bounding area Am 
(m2). This simple method significantly simplifies the calculation of heat radiation 
and has been widely used in different fields of fire safety science.

In a fire, the radiation absorbed by the hot gases is mainly attributed to the soot. 
Other combustion products, for example, CO2 and H2O, play a much less important 
role. The total emissivity of the medium can be estimated using [11]:

 (10.55)

where

 (10.56)

In the above equation, subscript t indicates total, s is soot, g is gas, CO2 is car-
bon dioxide, and H2O is water vapor. The absorption coefficient for soot, κs, 
is proportional to the volume fraction of the absorbing medium, which can be 
expressed as [5]:

 (10.57)

where Xs is the soot volume fraction, T is the smoke temperature (K), Co is a con-
stant varying between 2 and 6, depending on the refractive index, C2 is the Planck’s 
second constant, 1.4388 × 10−2 m K. Equation (10.57) applies only to small particles, 
that is, the complex refractive index of the particles is assumed to be independent of 
wavelength. The absorption coefficient of the particles can increase for aggregates 
if the primary particle sizes are over the Rayleigh scattering limits. Generally the 
soot produced by fires is small enough for the Rayleigh scattering limits.

The absorption coefficients of CO2 and H2O can be obtained directly from charts 
in the literature, for example reference [5] and [11], given that the partial pressure, 
temperature of the species, and the mean beam length are known.

In a complicated scenario, a three-dimensional radiation model must be em-
ployed, taking solid angles and wavelength bands into account. Further, the local 
absorption coefficients and path length should be used rather than the global absorp-
tion coefficient and mean beam length.

Example 10.2 Estimate the radiation between two infinite plates parallel to each 
other. One plate has a temperature of 1000 °C and an emissivity of 0.92. The cor-
responding parameters are 300 °C and 0.8 for the other plate.

Solution: First estimate the emissive powers using Eq. (10.33): eb,1 = 5.67 × 10 -11 × 
(273 + 1000)4 = 148.9 kW/m2 and eb,2 = 5.67 × 10−11 × (273 + 300)4 = 6.1 kW/m2. The 
view factor between the two infinite plates is one because two face-to-face surfaces 
can only see each other. The net heat flux between the plates can be estimated using 
Eq. (10.45):
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Example 10.3 A 30 MW fire occurs in a 6 m high and 10 m wide tunnel having 
a longitudinal ventilation velocity of 3 m/s. The downstream is full of smoke. The 
fire source mainly consists of polyethylene with an effective heat of combustion of 
40 MW/kg. The average soot yield is 0.06, that is, 1 kg fuel produces 0.06 kg soot. 
The density of the pure particles (pure soot without gas) is 1000 kg/m3. Assuming 
that CO2 and H2O have no effect, estimate the emissivity of the smoke volume for a 
gas temperature of 300 °C. The incoming air flow is 20 °C under a normal pressure 
of 1 atm.

Solution: First estimate the mass flow rate: 1.2 3 6 10 .o om u A kg sρ= = × × × =

Then calculate the total fuel mass loss rate: m kg sf = =30 40 0 75/ . / . The mass 
flow rate of the soot is: 0.75 × 0.06 = 0.045 kg/s. The mass fraction of the soot in 
the flow on the downstream side is: Ys = 0.045/216 = 0.00208 kg/kg. The density 
of the gas is: 1.2 × 293/(273 + 300) = 0.614 kg/m3. The volume fraction of the soot 
can therefore be estimated by: Xs = 0.00208 × 0.614/1000 = 1.28 × 10−6 m3/m3. The 
absorption coefficient can be calculated using Eq. (10.57): κs = 3.72 × (4/1.4388 × 1
0−2) × 1.28 × 10−6 × (273 + 20) = 0.39. The length of the bounded volume can be as-
sumed to be 1 m (This value has no influence on the results. It can also be 2 or 3 m). 
Therefore, the mean beam length is: Lm = 3.6 × 6 × 10/(6 × 2 + 10 × 2) = 6.75 m. The 
emissivity can then be estimated: εg = 1 − e(−0.39*6.75) = 0.93. The value is close to 1 
which indicates that the gas volume is similar to a black body and the radiation 
transfer between the ceiling and wall is very limited.

10.4  Heat Conduction

In tunnel fire safety, the heat losses to the tunnel walls and the temperature inside 
the tunnel walls are the key issues in the design of both active and passive fire safety 
systems. Generally it can be assumed that the substance is isotropic, that is, the ther-
mal properties of the substance are independent of the direction.

The controlling equation for one-dimensional heat conduction can be expressed as:

 (10.58)

where the thermal diffusivity of the solid, a (m2/s), is defined as:

where t is the time (s) and z is the depth below surface (m). Subscript s indicates 
solid.
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Boundary conditions on one side or both sides must be given to get a solution of 
the temperatures inside the substance or on the surface.

There are four typical wall boundary conditions:

• First boundary condition—Fixed surface temperature: Tw = Constant.
• Second boundary condition—Constant net heat flux on the wall:

 (10.59)

• Third boundary condition—Constant heat transfer coefficient:

 (10.60)

• Fourth boundary condition—Constant heat flux and constant convective heat 
transfer coefficient:

 (10.61)

According to Fourier’s law, the solution for a steady-state one-dimensional heat 
conduction problem can be obtained by:

 (10.62)

where δs is the thickness of the solid (m). Subscript w means exposed wall surface 
and bw means backside wall surface.

For a complicated geometry or a complicated boundary condition an analytical 
solution is not possible to obtain. However, in many cases, the boundary condi-
tions can be simplified to heat conduction in an infinite plate with one of the four 
basic boundaries. Analytical solutions can be obtained for these cases which are 
discussed in the following sections.

10.4.1  Thermally Thin Materials

For thermally thin materials such as a thin steel plate, the heat conduction is fast 
compared to the heat transfer to the surface. Therefore, it is normally assumed 
that the material always has the same temperature throughout (no temperature 
gradient inside the material). Note that the first boundary (that is the bound-
ary condition with fixed surface temperature) has no meaning for thermally thin 
materials.

For thermally thin materials with the second boundary condition (fixed heat flux 
at the surface), the temperature can be estimated using:
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 (10.63)

Therefore, the ignition time for thermally thin fuel, tig (s), can be estimated using:

 (10.64)

For thermally thin materials with the third boundary condition (constant heat trans-
fer coefficient), the temperature can be estimated using:

 (10.65)

For thermally thin materials with the fourth boundary condition (a constant heat 
flux and constant convective heat transfer coefficient), the temperature can be esti-
mated using:

 (10.66)

In the above equations, t is time (s), Ts is the temperature of the thermally thin ma-
terial (K), Ti is the initial temperature (K), T∞ is the gas temperature (K),  ′′qw

is the 
net heat flux absorbed by surface (kW/m2), h is the heat transfer coefficient (kW/
(m2K)), δ is the thickness of the thermally thin material (m), cs is the heat capacity 
of the material (kJ/(kgK)). Subscripts s indicates solid, c convective heat transfer 
and ig ignition.

10.4.2  Thermally Thick Materials

Thermally thick materials indicate, that there always exists a temperature gradient 
normal to the surface of the material. In a heat conduction process, the heat travels 
into the material through the surface continuously, eventually reaching the back 
side of the plate. This is defined as thermal penetration for a given thickness. To 
determine whether a material has been penetrated by heat, the thermal penetration 
depth, δs, can be estimated using:

 (10.67)

where Ck is a coefficient. For estimation of whether the material is thermally 
thick or not, the value of 3.6 corresponding to a relative temperature rise of 1 % 
is recommended for use. While, determining whether the material has been fully 
penetrated, the value of 2 corresponding to a relative temperature rise of 16 % is 
recommended for use. After the full thermal penetration ( Ck = 2), the temperature 
gradient inside the material is constant, and the heat flux can be calculated using 
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Eq. (10.63). The corresponding conductive heat transfer coefficient, hk, can be 
directly expressed as:

 (10.68)

Before thermal penetration, the material could be considered as an infinite plate. 
This is generally a good assumption in tunnel fires as the walls are often very thick 
and may have concrete linings or they could be infinite in depth as in rock tunnels.

For heat conduction inside thermally thick materials, two key dimensionless pa-
rameters are defined first:

 (10.69)

and

 (10.70)

For the four typical boundary conditions for heat conduction mentioned previously, 
analytical solutions can be obtained and are presented in the following sections.

10.4.2.1  First Boundary Condition

Recall the first boundary condition is constant surface temperature. This boundary 
condition is not realistic, but could be reasonable if an object is exposed to gas with 
a rapidly increasing temperature that becomes constant in a short time, or if an ob-
ject is suddenly exposed to a constant temperature.

Assume that the gas temperature, Tg, is equivalent to the wall surface tempera-
ture, the temperature inside the wall material can be estimated by:

 (10.71)

where z is the depth below the surface (m), t is the time (s), erf is Gauss error func-
tion, and erfc its complimentary function.

The heat flux at the surface can be estimated as:

 (10.72)

If the plate or wall is not infinite and the heat has penetrated to the backside of the 
plate, then the heat flux can be simplified to:

 (10.73)

where Tbw is the backside wall temperature.
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10.4.2.2  Second Boundary Condition

Recall that the second boundary condition is a constant net heat flux to the wall. The 
internal temperature can be calculated by [1]:

 (10.74)

The surface temperature can be calculated by:

 (10.75)

The above equation has been widely used in the fire safety research to estimate the 
ignition time, tig (s), by modifying it into the following form:

 (10.76)

Despite its wide use, the net heat flux at a surface is in fact not constant and thus a 
numerical solution is usually required to solve the problem.

10.4.2.3  Third Boundary Condition

The third boundary condition is a surface exposed to convective heat transfer with 
a constant heat transfer coefficient, which can be expressed as:

The internal temperature can be calculated by [1]:

 (10.77)

The surface temperature, Tw or T( 0,t), can therefore be calculated by:

 (10.78)

Consequently the heat flux at the surface can be obtained by the following equation:

 (10.79)

10.4.2.4  Fourth Boundary Condition

The fourth boundary condition is a surface which absorbs heat by radiation at a con-
stant radiative heat flux and by convection with a constant convective heat transfer 
coefficient. This boundary condition is not commonly used.
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Note that, the fourth boundary condition is very similar to the third boundary and 
thus the solution can be easily obtained.

The temperature inside the solid can be expressed as:

 (10.80)

where the surface temperature is:

 (10.81)

10.4.2.5  Complicated Boundary

The four boundary conditions described above are highly simplified, although they 
can be applied to some specific cases. In reality, boundary conditions are always 
very complicated and deviate from the four boundary conditions discussed above, 
for example, a transient boundary. In these cases, the Duhamel integral method or 
numerical simulation must be applied to give a solution. Such numerical methods 
for fluid flow and heat flux transfer will be discussed further in Chap. 17.

Example 10.4 Calculate the maximum concrete temperature at 5 cm below the 
ceiling surface, which is exposed to a 100 MW HGV fire for 10 min in a 6 m high 
and 20 m wide tunnel with a ventilation velocity of 2 m/s. The pool fire was set at 
0.5 m above the tunnel floor. The HGV is 3 m wide and 10 m long. The ambient 
temperature is 10 °C. (Concrete lining: density ρ = 2100 kg/m3, cp = 880 J/(kg·K), 
k = 1.37 W/(m·K))

Solution: The maximum temperature exists at the ceiling above the fire. Cal-
culate the maximum gas temperature near the ceiling surface using Eqs. (8.19) 
and (8.20): Tmax = To + ΔTmax = 10 + 1350 °C. We could use two methods to estimate 
the temperature at 5 cm below tunnel ceiling, that is, the first boundary condition 
or the third boundary condition. Calculate ζ = 1.185 by Eq. (10.69). For the first 
boundary condition, calculate T(z = 0.05 m, t = 600 s) = 136 °C by Eq. (10.71), and 

′′ =q kW m49 2/  by Eq. (10.72). For the third boundary condition, estimate the 
lumped heat transfer coefficient by 2 2 2( ) ( ) 998 /( )t c g w g wh h T T T T W m Kσ= + + × + =  
and β = 15.4, then calculate T(z = 0.05m, t = 600s) = 136 °C by Eq. (10.77).

Note that, the same results are obtained from both boundary conditions. This is 
because the heat conduction inside the concrete lining dominates the heat transfer. 
The boundary cannot be simplified to the second boundary since the net heat flux 
into the surface decreases significantly with time due to the increase in surface 
temperature. Further, caution should be taken when using the equations that in-
clude error functions, which can be numerically unstable and result in large errors. 
Therefore, is recommended to check whether the values obtained are realistic and 
possible.
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10.5  Thermal Resistance

In this section, the thermal resistance of the heat transfer process from hot gases to 
the tunnel walls is discussed. A tunnel wall can be considered as an infinite plate 
even including concrete linings, given that the heat penetration to the backside of 
the lining generally takes a long time.

The convective heat flux can be expressed as:

 (10.82)

The conductive heat flux on the surface of a thermally thick material can be ex-
pressed as:

 (10.83)

where the heat transfer coefficient for thermally thick materials before the thermal 
penetration occurs is:

 (10.84)

and the heat transfer coefficient after thermal penetration becomes:

 (10.85)

The radiative heat flux on the wall surface may be expressed as:

 (10.86)

with

 (10.87)

where the subscripts c, k, and r indicate convective, conductive, and radiative heat 
transfer respectively. Note that the conductive heat transfer coefficient, hk, increases 
very rapidly with time. Further, the radiative heat transfer coefficient, hr, may vary 
significantly with time.

The net heat flux through the surface, consisting of both radiative and convective 
net heat flux, should be equivalent to the net heat flux into the wall surface by heat 
conduction, which can be expressed as

 (10.88)

The electrical circuit analog of the overall heat transfer from the gas to the wall 
surface is shown in Fig. 10.4. Note that the thermal resistances are the reciprocals 
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of the heat transfer coefficients. Therefore, the overall heat flux through the surface 
can be expressed as:

 (10.89)

The electrical circuit analog shown above is very simplified. The objective is only 
to clearly show the relationship among these three heat transfer mechanisms in the 
heat transfer from gas to wall and improve the understanding.

Example 10.5 A 6 m high and 10 m wide rock tunnel is full of 1000 °C sooty gases. 
The rock tunnel has an average roughness of 10 cm. The emissivity of the hot gases 
can be estimated to be 1. The smoke flow velocity is assumed to be 7 m/s. Calculate 
the thermal resistance of convective heat transfer, radiative heat transfer, and heat 
conduction at the time of 600 s and 3600s. (Rock properties: density ρ = 2500 kg/
m3, cp = 900 J/kg K, k = 1.3 W/m⋅K)

Solution: Note that the scenario is the same as that in Example 10.1, we ob-
tain the convective heat transfer coefficient hc = k·NuD/D = 8.65 W/(m2K). At 
600 and 3600 s, the wall surface temperature should approach the gas temper-
ature. Therefore the radiative heat transfer coefficient can also be estimated by 

2 2 3 2( )( ) 4 801 / ( )εσ εσ≈ + + = =r g g g g gh T T T T T W m K . Calculate the conductive 
heat transfer coefficient hk = 36.6 W/(m2K) at 600 s and hk = 15.0 W/(m2K) at 3600 s 
by using Eq. (10.84). Now we can estimate the thermal resistance Rc = 1/hc = 0.116, 
Rr = 1/hr = 0.0012. The lumped thermal resistance of convective and radiative heat 
transfer is R h hc r= + =1 1 1 0 0012/ ( / / ) . . This suggests that radiation dominates 
the heat transfer from gas to wall surfaces. Then calculate the conduction resis-
tance Rk = 0.027 for 600 s and Rk = 0.067 for 3600s. Therefore, the total thermal 
resistance is Rt = 0.0012 + 0.027 = 0.028 at 600 s, and Rt = 0.0012 + 0.067 = 0.068. 
Note that the total thermal resistance increases with time, and it is dominated by 
conductive heat transfer in this case.

10.6  Heat Flux Measurement

Heat flux meters (HFMs) are used routinely in fire tests to measure the heat flux. 
The most popular types are the Gardon gauge (GG) and Schmidt–Boelter (SB) me-
ters. Recently the use of plate thermometers (PT) for heat flux measurement has 
been developed and widely spread due to its simplicity and robustness.
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Fig. 10.4  The electrical 
circuit analog of global heat 
transfer from gas to the wall
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Both GG and SB measure the total heat flux to a water cooled surface by measur-
ing the temperature difference. The relationship between the measured heat flux and 
the incident radiation can be approximated as:

 (10.90)

where the subscript m indicates the value is measured by a HFM and w is the cool-
ing water temperature. The emissivity is mostly dependent on the paint on the sens-
ing surface of the HFM, but is generally in the range of 0.9–0.95. HFMs can be very 
sensitive to local convection since the surface temperature is reduced by the cooling 
water. Therefore the placement of these types of HFMs in hot gases could induce 
large errors, which must be corrected after the measurement.

The PT was initially developed by Wickström in the 1980s for controlling fire 
resistance furnaces to harmonize the test results. The PT has since been specified in 
the relevant international (ISO 834) and European (EN 1363-1) standards. At that 
time, the PT was not thought to be a HFM but to measure an effective temperature, 
assuring the same heat transfer to specimens in various types of fire resistance fur-
naces. Later, Ingason and Wickström [12] developed the methodology to use the PT 
for heat flux measurement. Wickström et al. [13] carried out further work to refine 
the model. Based on the equation for energy conservation, Ingason and Wickström 
proposed the following equation for calculating the incident heat flux [12]:

 (10.91)

where the conduction correction factor Kcond = 8.43 W/m2 ⋅ K, the surface emissivity 
of PT εPT = 0.8, and the lumped heat capacity coefficient 2( ) 4202J/m KPTcρ δ ⋅=  
[13]. The subscript ∞ indicates the surrounding gas. The terms in the numerator 
on the right-hand side are emissive radiation, convective heat loss, conductive heat 
loss, and accumulative heat gain, respectively. Note that the PTs do not need water 
to cool the surface, which make it very suitable for use in large-scale fire testing, for 
example, full scale tunnel fire tests.

10.7  Calculation of Heat Fluxes in Tunnel Fires

The total net heat flux on a surface is the sum of convective heat flux and radiative 
heat flux, which can simply be expressed as:

 (10.92)

In large tunnel fires, generally the radiative heat flux is much higher than the con-
vective heat flux. Also, note that the convective heat flux can be easily calculated 
using the equations proposed in the previous section. Therefore the calculation of 
the radiative heat flux is the focus of the following sections.
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10.7.1  Exposed Tunnel Ceiling and Walls at Upper Layer

The surfaces at the upper layer are surrounded by smoky gases or flames in a large 
fire. The emissivity of the walls is assumed to be close to 1. Further, the view factor 
between the smoke and ceiling or walls can also be assumed to be 1. This is suit-
able for large fires but for small fires these assumptions can result in a conservative 
estimation. The net radiative heat flux can then be estimated using:

 (10.93)

where the subscript w indicates wall and g indicates hot gases.
Note that for Aw = Ag and Fo−g = 1, we have:

 (10.94)

The incident heat flux received at the ceiling or wall surfaces can be estimated by:

 (10.95)

Given that the emissivity of the wall and the objects normally ranges from 0.85 to 
0.95, an emissivity of 1 for the ceiling and upper walls can be assumed. Therefore, 
the incident heat flux at the upper layer can be simply written in the following form:

 (10.96)

For large tunnel fires, the gas emissivity, εg, approaches 1. A comparison of the esti-
mated and measured incident heat fluxes in the Runehamar tunnel fire tests carried 
out in 2003 [14] is presented in Fig. 10.5. All data lie close to the equality line which 
suggests a very good match.

Example 10.6 Estimate the incident heat fluxes at the ceiling in a 6 m high and 
12 m wide tunnel with a heat release rate (HRR) of 30 and 100 MW respectively. 
The longitudinal flow velocity is 3 m/s and the ambient temperature is 20 °C. The 
bottom of the fire source is assumed to be 1 m above tunnel floor. The equivalent 
radius of the fuel is assumed to be 3 m. The emissivity can be assumed to be 1 for 
these two large fires.

Solution: First the maximum ceiling gas temperatures can be estimated using 
Eq. (8.17) in Chap. 8 on gas temperature, given that V′ > 0.19. The maximum excess 
gas temperature can be calculated to be 474 °C for 30 MW and 1350 °C for 100 MW. 
Therefore the corresponding maximum gas temperatures are 494 and 1370 °C re-
spectively. The incident heat fluxes can then be estimated using Eq. (10.96) with an 
emissivity of 1. The calculated values are 19.6 kW/m2 for 30 MW and 413 kW/m2 
for 100 MW.
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10.7.2  Heat Flux in Lower Layer

10.7.2.1  Horizontal and Vertical Object Surfaces

The smoke flow in a tunnel fire is sometimes divided into two layers, that is, a rela-
tively hot upper layer and a relatively cool lower layer. There is always temperature 
stratification, even in well mixed conditions at a position far away from the fire. The 
heat flux to an object in the lower layer is mainly attributed to the radiation from up-
per layer hot gases. Note that the gas temperature does not vary significantly along 
the length of a tunnel section of two or three times the tunnel height. Therefore, 
a three-dimensional radiation problem can be simplified into a two-dimensional 
problem. The radiation surfaces can be divided into three types, that is, hot gas 
surface in the upper layer ( g), object in the tunnel ( o), and cold walls and floors in 
the lower layer ( w). A diagram of surface radiation to an object in the lower layer is 
shown in Fig. 10.6. Note that the hot gases surrounded by the upper tunnel walls as 
a whole are considered as one surface in Fig. 10.6.

Note that, the radiation between the object and the lower wall is limited com-
pared to the radiation emitted from the hot gases. We may assume eb,w ≈ eb,o. The 
radiation to an object in the lower layer can be represented by an electrical circuit 
analog as shown in Fig. 10.7.

The view factor from the gas to the wall Fg−w is much larger than the view factor 
from the gas to the object Fg−o, therefore the most of the heat goes to the wall. Thus 
the heat flux to object can be expressed as:

Fig. 10.5  Comparison of calculated and measured incident heat fluxes in Runehamar tests
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(10.97)

Note that Fg−w = 1 but Fw−g ≠ 1, and Fg−oAg = Fo−gAo. The radiation heat flux from the 
smoke layer to the object can be expressed as:

 (10.98)

Recall most of the radiation to the object comes from the smoke layer beside the object 
within a tunnel length of two or three tunnel heights, and the gas temperature within 
this range does not vary significantly. Therefore the characteristic radiation tempera-
ture can be considered constant. By considering a longitudinal length of dx (m), we 
know the exposed area for the smoke layer, Ag (m

2), and the lower layer, Aw (m2):

 (10.99)
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Fig. 10.7  Electrical circuit analog of radiation to an object in the lower layer
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 (10.100)

Therefore, the equation for net heat flux from the smoke layer to the object surface 
can be simplified to:

 (10.101)

where coefficients Cr1 and Cr2 are defined as:

The incident heat flux can be estimated using:

 (10.102)

The radiation between the object and the walls is limited, that is, the net heat flux 
between the walls and object is much smaller than the heat flux between the gas and 
object. Therefore Eq. (10.102) can be written as:

 (10.103)

The above equations can further be simplified, given that the emissivity of the wall 
and the object normally ranges from 0.85 to 0.95, with an average value of 0.9. 
In such cases, Cr1 is nearly the same as εg and Cr2 is approximately the same as 
0.9Fo−g. Using these assumptions, the net heat flux on the target surface can now be 
expressed in the following equation:

 (10.104)

Given that the temperature of the object surface is generally much lower than the 
smoke layer temperature, the incident heat flux received on the object surface can 
be simplified to:

 (10.105)

When the object is immersed in the smoke layer, the view factor equals 1 and the 
above equation becomes the same equation as that for exposed tunnel ceiling and 
walls at upper layer. As a rough estimation, the height of a characteristic smoke 
layer can be set at 50 % of the tunnel height ( Hd in Fig. 10.7), unless information 
indicating a better estimation is available. This assumption could work well if 
the ceiling gas temperature is used as the characteristic temperature of the smoke 
layer.
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The emissivity depends on local soot concentrations which is dependent on the 
soot production of the fire. Usually this term is difficult to determine. The smoke 
layer can be considered as optically thick in most tunnel fires, indicating that the 
emissivity approaches 1. In large tunnel fires, it is certain that the emissivity can 
be considered as 1. In a small fire or at the early stage of a large fire, the emissivity 
is much lower. However, over time the upper wall surface temperature approaches 
the gas temperature even for a small fire, for example, a 5 MW fire with relatively 
low ceiling height, or for a tunnel with fire protection linings. The emissivity in the 
above equations in reality is a property of the whole upper smoke layer including 
the tunnel ceiling and walls surrounded by the smoke. In thermally thin cases, most 
of the radiation from the upper ceiling and walls will be emitted to the lower layer 
as the radiation absorbed by smoke could be limited. Therefore, the emissivity of 
the whole upper layer is slightly higher, than what would be expected. In summary, 
the total emissivity of the upper layer can also be assumed to be 1 in such cases, 
although it could result in a slightly conservative estimation.

Therefore, the main parameter that must be determined is the view factor from 
the object to the smoke layer, which will be discussed in the following text for dif-
ferent placements of the object.

View Factors in Tunnels For an object on the tunnel floor or a certain height above 
the floor with its surface facing upward, the view factor can be calculated using:

 (10.106)

where α and β are the angles plotted in Fig. 10.6.
The object could also be placed on the wall with its surface facing the opposite 

wall, for example, placed on the right wall in Fig. 10.6, in which case the view fac-
tor can be calculated using:

 (10.107)

If the object is placed on the left wall in Fig. 10.6, the angle in the above equation 
should be β instead of α.

If the object surface is facing one side of the tunnel, the view factor can be esti-
mated by:

 (10.108)

where Hd − Ho is the distance between the hot layer and the object surface center, 
a and b are the horizontal distances between the target center and the side walls, 
see Fig. 10.6. When the object is surrounded by hot gas having a characteristic 
gas temperature, the view factor is close to 1, especially if the object’s surface is 
facing upward. Recall the smoke layer height, can be estimated as 50 % of tunnel 
height. One reason for this assumption is that ceiling gas temperature is used as the 
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characteristic gas temperature in the calculation of the heat flux. In reality, there 
always exists a temperature difference between upper gas layer and lower floor 
layer even when the so-called smoke destratification has occurred. Therefore, the 
decrease of view factor somewhat compensates for the probable overestimation of 
the characteristic gas temperature.

The key parameters in the heat flux Eq. (10.103), for example, Cr1 and Cr2, are 
dimensionless and not sensitive to tunnel geometry. This insensitivity indicates that 
the model is mainly related to the shape of the lower floor layer and the position of 
the object. Therefore, it is suitable for tunnels with different geometries.

Equation (10.103) can be used to estimate heat fluxes received by evacuees, 
firefighters, or neighboring vehicles in case of a tunnel fire. Further, it can be used 
to estimate the possibility of fire spread to neighboring vehicles or other objects.

10.7.2.2  Inclined Target Surfaces

In some cases, the surface is neither horizontal nor vertical, as shown in Fig. 10.8. 
There can be an inclination angle between the object surface and smoke layer sur-
face. If such an inclined surface is in the vicinity of the fire source, the flames can 
also contribute to the heat radiation to the surface. Therefore, the total heat flux 
received on the surface should consist of both the smoke layer and the fire source. 
In this section we only discuss the heat flux from smoke layer; the flame radiation 
will be described in Sect. 10.7.3.

In calculation of heat fluxes received by inclined surfaces, the effect of inclina-
tion must be accounted for. The model for estimation of view factor from rectan-
gular radiators to differential areas at various plane angles can be used here, see 
Fig. 10.9. The object lies on a plane normal to the line of intersection between the 
planes with its origin at one corner of the rectangle.

The radiation from the rectangular radiator to the object can be expressed using 
the view factor, Fo−radiator or Fo−g, which is given in the following equation [15, 16]:

 (10.109)
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Fig. 10.8    A diagram of radiation from flame and smoke layer to the object

 



278 10 Heat Flux and Thermal Resistance

where

In the above equation, b and d are side lengths of the radiator (m), c is the distance 
from the object to the intersection line of the two planes (m), and φ is the angle 
between the two planes (°).

The angle can vary between 0 and 180°. Note that when the angle approaches 0 
or 180°, numerical instabilities could result in unreasonable value for the view fac-
tor. Therefore it should be kept in mind that the overall view factor obtained from a 
calculation should never be less than 0 or greater than 1.

Equation (10.109) can be used to estimate the heat fluxes from both the vertical 
flame and the smoke layer to an inclined surface.

For radiation from the smoke layer which can be considered as an infinitely long 
plate above the object, Eq. (10.109) can be simplified into:

 (10.110)

In the above equation, the parameter d, has been eliminated. Therefore the view 
factor is only a function of b, c, and angle φ. For an object placed at the centerline 
of the tunnel, radiation from two radiation planes to the object must be summed, 
that is:
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Fig. 10.9  A diagram of 
radiation from flame and 
smoke layer to the object
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 (10.111)

For each radiation plane, the equation for an infinitely long plate is used. The only 
difference in calculation of the two view factors is the parameter b. The sum of this 
parameter, b, for these two view factors should be equal to the tunnel width.

10.7.2.3  Radiation from Vertical Flames in Large Tunnel Fires

For a large tunnel fire, people (such as firefighters) located upstream of the fire 
can see the flame occupying the whole tunnel cross-section at the fire site, see 
Fig. 10.10. Here the radiation from the vertical part of the flames is discussed.

The incident radiative heat flux received by the person at L meters away from the 
fire can be estimated using the following equation:

 (10.112)

In most cases, especially for a large fire, the emissivity of the flame is approximate-
ly 1, that is, εF = 1. The average flame temperature can be assumed to be between 
1000 and 1100 °C.

The flame can be considered as a radiating plane by a person some distance away 
from the fire. This plane can be divided into four parts, as shown in Fig. 10.11.

The four areas plotted in the figure, correspond to the part of flame which is vis-
ible to the object located either upstream or downstream. The areas correspond to 
the whole tunnel cross-sectional area only if there is no smoke along the path, for 
example, the back-layering has been prevented by forced flows.

Note that the total view factor is the sum of the four parts, that is

 (10.113)

where the view factor, Fo−F, for flame part 1 is:
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Fig. 10.10  A diagram of flame radiation to an object in a large tunnel fire
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where a and b are dimensions (m) of part 1 of the flame (see Fig. 10.11.), and x is 
the distance between object and the flame (m). The arctan function is represented 
by tan−1.

For a smaller fire, the area, AT, can be replaced by the estimated flame area hav-
ing a line of sight to the object. However, the point source method is recommended 
for estimation of radiation from a small tunnel fire, see Sect. 10.7.3.

Equation (10.113) suggests that for a very large tunnel fire, that is, a significant 
horizontal flame exists, the heat flux received at a certain distance, increases with 
the tunnel cross-sectional area. In comparison, the heat radiation in a small fire can 
be assumed to be independent of the tunnel width.

For an inclined surface, for example, Fig. 10.8, the actual heat flux from the 
flame to the object surface is reduced as follows:

 (10.114)

where ′′qinc F vertical, , is the incident heat flux received at a vertical surface facing the 
flame (kW/m2), and β is the angle between the radiation and the normal line of the 
object surface (°).

Example 10.7 Estimate the heat fluxes received by a horizontal object surface 
located at a height of 1.5 m and at 20 m downstream of a 30 and 100 MW fire in 
a 6 m high and 12 m wide tunnel. The longitudinal flow velocity is 3 m/s and the 
ambient temperature is 20 °C. The bottom of the fire source is assumed to be 1 m 
above tunnel floor and the equivalent radius of the fuel is assumed to be 3 m. The 
object is located at the center line of the tunnel. At 20 m it is reasonably assumed 
that the smoke layer height is 50 % of the tunnel height. Also estimate the maximum 
heat fluxes that are received by an object located at 20 m downstream.

Solution: From Example 10.6, we already know that the maximum ceiling 
excess gas temperature is 474 °C for 30 MW and 1350 °C for 100 MW, so the 
ceiling gas temperature at 20 m downstream of the fires can be estimated us-
ing Eq. (8.39) and Eq. (8.40). First the flame lengths are estimated to be 5.6 m 
for 30 MW and 42 m for 100 MW using Eq. (9.26). Note that, the flame lengths 
are all less than 10 times tunnel height, the virtual origin xv = 0 according to 

, , , cos β=′′ ′′inc F inc F verticalq q 

Fig. 10.11  A diagram of 
view factor between the 
object and the flame plane
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Eq. (8.40). Using Eq. (8.39) the ceiling gas temperature at 20 m can be calcu-
lated to be 380  °C for the 30 MW fire and 1046 °C for the 100 MW fire. The 
view factor can be estimated using Eq. (10.106), that is, Fo−g = 0.97. The ra-
diation from the upper smoke layer for the 30 MW fire can be estimated using 
Eq. (10.105), that is,  ′′ = × × × × + =−q kW minc o, , . . ( ) . /1

11 4 21 0 97 5 67 10 273 380 10 0
The flame radiation can be estimated using Eqs. (10.112) and (10.113). The 
view factor is the sum of four parts: Fo−F = Fo−F,1 + Fo−F,2 + Fo−F,3 + Fo−F,4 = 
0.053. The radiation from the vertical flame can be estimated using: 
′′ = × × × +( ) × −− −qinc o, , . . cos tan / ( .2

11 4 10 053 5 67 10 273 1000 20 3 1 5)) . .[ ]{ } = 0 6 2kW m
Therefore the total incident heat flux received by the horizontal object surface for 
the 30 MW fire is: 10.0 + 0.6 = 10.6 kW/m2. Similarly, for the 100 MW fire the total 
incident heat flux is: 166.5 + 0.6 = 167.1 kW/m2. The contribution of the vertical 
flame to the radiation on the horizontal object surface is quite limited due to the 
large angle β.

To calculate the maximum heat flux, the influence of the inclination angle φ must 
be estimated. The radiation from the upper smoke layer to an inclined surface can 
be estimated using Eqs. (10.110) and (10.111). For the 30 MW fire, the total incident 
heat flux on the inclined object surface increases with the inclination angle until 
around 70°, where a maximum heat flux of 21.2 kW/m2 is achieved. For the 100 MW 
fire, the total incident heat flux on the inclined object surface stays at the same level 
until about 10°, after which the total incident heat flux decreases rapidly. The maxi-
mum value for the 100 MW fire is approximately 168 kW/m2. Comparing this result 
to the 167.1 kW/m2 heat flux for the horizontal surface shows nearly no difference.

By comparing the maximum contribution from the vertical flame part (force 
cosβ = 1) and the smoke layer (horizontal surface), the influence of the inclination 
angle can be estimated. In the above example, the maximum possible incident ra-
diation from the vertical flame part is 1.6 times (160 %) that from the smoke layer 
for the 30 MW fire, but only 9.5 % for the 100 MW fire. Therefore, the vertical 
flame part plays a key role for the 30 MW fire but is negligible for the 100 MW fire 
in the above calculations.

In practice, the maximum heat flux received by a target can be approximately 
estimated using the following equation:

 (10.115)

Note that a person in the vicinity of the fire absorbs radiative heat from all direc-
tions. Therefore the maximum incident heat flux should be used for estimation of 
tenability at evacuation or for firefighting operations.

10.7.2.4  Verification of the Heat Flux Models in the Lower Layer

In the following section, the heat flux equations for objects in the lower layer pro-
posed in the previous analyses is verified using data from both full scale and model 
scale tests.

′′ = ′′ + ′′  q q qinc inc o horizontal inc O vertical,max , , , ,
2 2
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Figure 10.12 shows a comparison of calculated and measured heat fluxes in 
the Runehamar tunnel fire tests [14]. Data measured by seven HFMs are plotted 
in the figure. There were two HFMs placed 20 m from the fire beside a pallet pile 
(the object), with one HFM facing the fire and another flush with the wall facing 
the object. All HFMs were placed 1.6 m above the tunnel floor with the excep-
tion of the one at 10 m which was placed on the floor. Only the HFM placed at 
20 m facing the fire was a PT measuring incident heat flux. The others were SB 
gauges measuring net heat fluxes using water cooling of the surface of the probe. 
An emissivity of 0.9 for the SB gauges was assumed. For the HFM at 0 m it can 
be assumed that this HFM was surrounded by the flames and thus a view factor 
of 1 was used in the calculations. Further, the view factor for the two HFMs at 
20 m can also be expected to be 1 since the large object also placed at 20 m was 
burning during the tests. The heat fluxes measured at 20 m increased significantly 
when the object started to burn. For all the other positions, it was assumed that 
the characteristic upper smoke layer was at 50 % of the tunnel height. The flames 
were very sooty and the emissivity was assumed to be 1 for all the tests. Note 
that, this assumption works in most engineering applications while estimating the 
heat fluxes although it could result in slightly conservative values for small fires. 
For HFMs facing fire, heat flux from the upper smoke layer and from the vertical 
flame section were superposed as the total heat flux. For the HFM at the floor, the 
vertical flame radiation was ignored.

It is shown in Fig. 10.12 that most of data points fall in the vicinity of the equality 
line, which suggests that the measured and calculated heat fluxes correlate reason-
ably well.

Fig. 10.12  Comparison of calculated and measured heat fluxes in Runehamar tunnel tests
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Figure 10.13 shows the comparison of calculated and measured heat fluxes in 
model scale tests with longitudinal [17] and point extraction ventilation [18]. The 
heat fluxes were measured by SB gauges placed on the tunnel floor. The aspect 
ratio, that is, ratio of width to height, of the tunnel tested was 1.5 and 2.0. In these 
tests, the flames were very sooty, so the emissivity is assumed to be 1 for all the 
tests. The characteristic upper smoke layer was assumed to be at 50 % of tunnel 
height. Figure 10.13 shows that the calculated heat fluxes correlate very well with 
the measured values.

10.7.3  Flame Radiation in Small Tunnel Fires

When the fire size is very small, the point source method is recommended to be 
used in estimation of the heat flux received from flames. A small fire is defined as a 
fire having flames that don’t reach the ceiling. A schematic drawing of the radiation 
from flames to an object in a tunnel fire is shown in Fig. 10.14.

Radiation is the main mechanism of heat transfer for an object placed near the 
fire, that is, convective heat transfer can usually be ignored when considering the 
heat flux received at an object surface near the fire. The radiation received by 
an object’s surface in such a scenario mainly consists of radiation from flames, 
and the radiation from other objects or the environment is comparatively insig-
nificant.

Fig. 10.13  Comparison of measured and calculated heat fluxes in model scale fire tests
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The flame length equation for open fires can still be used but in a tunnel the whole 
flame is tilted in the downstream direction. Therefore, the fire source centre lies at 
a position downstream of the fire. The flame length can be calculated using [19]:

 (10.116)

where Lf is flame length (m), Q  is HRR (kW) and D is diameter (m).
The vertical height and horizontal length of the tilted flame for small tunnel fires 

can be approximated using the following equation:

 (10.117)

where φ is the flame angle, see Fig. 10.14. Subscripts v and h indicate vertical and 
horizontal flame components, respectively. The flame angle, φ, can be estimated 
using Eq. (8.27). The flame can be simplified to a point source at 1/4 of the flame 
length and 35 % of the total HRR can be considered as the radiation source, that is, 
Χr = 0.35. Therefore, the incident heat flux at an object on the tunnel wall can be 
calculated using the following equation:

 (10.118)

where χr is the fraction of the total HRR that is lost by flame radiation, and R is the 
distance between the flame centre and the object (m).
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Figure . 10.14    A sketch of radiation from the flame to an object
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This equation is only valid when the vertical flame height, Lf, v, is less than the 
tunnel height (for small fires), otherwise the flame radiation should be estimated us-
ing the method proposed in Sect. 10.7.2.3. Further, note that Eq. (10.118) can only 
be used to roughly estimate the flame radiation. It is not valid when the object is too 
close to the fire, for example, when the target is surrounded by flames. More spe-
cifically, the validity can be checked after the calculation, considering that the heat 
flux from a tunnel fire is generally not greater than 400 kW/m2, which corresponds 
to a gas temperature of about 1360 °C.

Note that the heat flux received by a surface is related to the surface orienta-
tion. The incident heat flux received by the surface must be multiplied by a factor 
of cosβ (the angle between the incident radiation and the object surface), that is, 
Eq. (10.118) must be corrected by:

 (10.119)

where β (°) is the angle between the incident radiation and a line normal to the 
object surface, see Fig. 10.14. Note that when the object surface can see part of the 
flame, the angle will be close to 0.

In the following text, data from two series of tests performed by SP Fire Re-
search are used for validation of the proposed equations. These include one lab 
test without wind and eight tests in a road tunnel under different ventilation con-
ditions.

In the lab test a gas burner, consisting of two octagon rings with each having 
an equivalent diameter of 1 m, was used as the fire source. The fuel outlet surface 
was 0.95 m above the floor. The fire size was designed to follow the fast curve 
( Q(kW) = 0.047t2, t in seconds) until it reached approximately 5 MW. The lab test 
set ups are presented in Fig. 10.15. A large plate thermometer was located 2 m from 
the fire center and 0.3 m above the floor to measure the heat fluxes at different lo-
cations and orientations. At 7 m above the floor, one normal PT (PT1) was placed 
facing the fire, and one shielded thermocouple and one unshielded thermocouple 
were placed beside it. PT2 and PT3 were placed 5 m and 7 m from the fire center 
respectively, and 1.75 m above the floor. PT4 was placed beside the large PT with 
the same height as TC4. PT5 was placed 3 m from the fire center and 1.65 m above 
the floor.

In the road tunnel fire tests, the fire source was the same as that used in the lab 
tests, with the fire size also following the fast curve until the fire reached 6 MW. A 
total of 8 fire tests, including 4 tests with a water spray system, were carried out in 
a 7 m high tunnel with a longitudinal velocity of 3–5.5 m/s, see Fig. 10.16. The tun-
nel width varied from 11 to 14 m in different sections. The large PT was placed at 
different locations, that is, in a range of 2 and 3.8 m downstream of the fire source. 
One normal PT was placed beside TC3 and another was placed on the side wall 
(5.5 m from the fire center in one section of the test tunnel and 7 m in another sec-
tion of the tunnel).
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Figure 10.17 shows a comparison of measured incident heat fluxes in the lab 
test, with the calculated values using the point source method. Clearly, it shows that 
there is a very good agreement between calculated and measured values.

Figure 10.18 shows a comparison of measured incident heat fluxes in the road 
tunnel fire tests, with the calculated values using the point source method. Only data 
from the nonsprinkler tests are used here. Good agreement can be found although 
the data scatters slightly.

It can be concluded that the point source method can be used to estimate heat 
flux in both open fires and tunnel fires with or without ventilation. The flame could 
be simplified to a point source at 1/4 of the flame height (no wind) or flame length 
(wind).

Example 10.8 Estimate the maximum heat fluxes received by a firefighter located 
at 5 m upstream of a 6 MW fire in a 6 m high and 12 m wide tunnel. The longitu-

Fig. 10.15  A sketch of the SP Fire Research lab test

 

Fig. 10.16  A sketch of the road tunnel fire test
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dinal flow velocity is 3 m/s and the ambient temperature is 20 °C. The firefighter 
were located at the center line of the tunnel. The fuel is 0.5 m above floor with a 
radius of 1 m.

Fig. 10.17  Comparison of measured heat flux with calculated values in lab test

 

Fig. 10.18  Comparison of measured incident heat fluxes to calculated values in tunnel tests
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Solution: Firstly we know there is no back-layering after estimating the criti-
cal velocity uc = 2.45 m/s by Eq. (13.4). The flame length can be estimated using 
Eq. (10.116), that is, Lf = 0.235 × 60000.4 − 1.02 × 1 × 2 = 5.9 m. It is clear that the 
radiation received by a fire fighting 5 m upstream is mainly the flame radiation in 
this case. The flame angle can be calculated using Eq. (8.27), that is, sinφ = 0.53 and 
cosφ = 0.85. The horizontal flame length, Lf, h, and vertical flame length, Lf, v, can be 
estimated to be 3.5 and 5.6 m. By setting the fuel surface center at coordinates of (0, 
0.5), the location of the flame center can be determined, that is, at (1.4, 1.6). Given 
that the vertical axis is probably less than the height of the firefighter, the maximum 
heat flux is achieved when cosβ = 1. The maximum heat flux can then be estimated 
using Eq. (10.119), that is, ′′ = × × + × =q kW minc 0 35 6000 3 14 5 1 4 1 4 12 2. / . ( . ) . / , 
less than the tenable limit of 5 kW/m2 for protective clothing. Therefore, the fire-
fighter is able to stay at a distance of 5 m upstream of a 6 MW fire in the tunnel with 
a longitudinal flow velocity of 3 m/s.

For a person or target located downstream of the fire, or for a fire with back-
layering, the radiation from upper smoke layer must be accounted for. The same 
method used in the above example can be used here, with the only exception being 
that the vertical flame radiation is estimated based on the point source method for 
small fires rather than the vertical plane radiation method. The reason for this is that 
when the vertical flame height is greater than the tunnel height, the ceiling flame 
exists but it contributes to the total radiation to a target in a different way.

10.8  Summary

Basic knowledge about the three modes of heat transfer, that is, convective, radia-
tive, and conductive heat transfer, are presented in detail.

Convective heat transfer occurs in the boundary layer where heat and momen-
tum transfer coexist. The correlation between the heat and momentum transfer on 
the boundary is well expressed by the Reynolds–Colburn analogy which signifi-
cantly facilitates the calculation of convective heat transfer. For different scenarios, 
for example, forced ventilation and natural ventilation, the Nusselt number is calcu-
lated and then used to estimate the convective heat transfer coefficient.

Radiation is a heat transfer mechanism between surfaces and/or mediums. For 
engineering applications, the gray body approximation is widely used in which 
all properties related to radiation are independent of the wavelength. For radia-
tion among multiple surfaces the view factors can be estimated and the radiative 
heat transfer can be solved. However, the radiation from flames and hot smoke 
involves absorbing, emitting, and scattering gas which makes the estimation much 
more complicated.

In fire safety engineering, heat conduction is generally considered as one di-
mensional heat transfer in isotropic mediums. Analytical solutions for heat con-
duction into tunnel walls are summarized for different types of simplified bound-
ary conditions, which can be used to estimate the heat response of the ceiling 



289

and tunnel walls or estimate the possibility of fire spread, combined with the 
estimated heat fluxes.

The theories are applied to solve thermal issues in tunnel fire safety. Simple 
models of heat fluxes in small and large tunnel fires are presented and verified us-
ing test data.

The tunnel surfaces in the upper smoke layer are surrounded by smoky gases 
and/or flames in a large fire. The incident heat flux in the upper smoke layer can 
be simply correlated with the smoke temperature and the emissivity of the smoke 
volume. For large fires, the emissivity can be assumed to be 1. To calculate the in-
cident heat flux in the lower layer, the view factor must be accounted for, together 
with the upper layer smoke temperature and the emissivity of the smoke volume. 
The incident heat flux is highly dependent on the orientation of the target surface.

In the vicinity of the fire source, radiation from the vertical flame can also play 
an important role in the incident heat flux. For an object close to a small fire, the 
flame radiation could be the main mechanism of heat transfer. In these cases, the 
point source method is recommended. The flame can be simplified to a point source 
at 1/4 of the flame length, and 35 % of the total HRR can be considered as the radia-
tion source. In the case of a large fire when the vertical flame height is greater than 
the tunnel height, the point source method is not valid due to the existence of the 
ceiling flame. Instead, the vertical part of the flame can be assumed to be a vertical 
flame plane and the view factor method can be directly used to estimate the heat 
flux from the flame.
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Chapter 11
Fire Spread
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Abstract Fire spread is a very important issue during fires in tunnels. The elon-
gated geometry of a tunnel with a relatively low ceiling height makes the flames and 
hot gases follow the ceiling over long distances, increasing the risk for fire spread. 
The use of ventilation in the tunnel as well as different types of vehicles, commodi-
ties, and materials influences the fire spread. This chapter contains both a summary 
of traditional ignition and fire spread theory and experiences especially related to 
situations in tunnels with risk for fire spread. Different aspects of spread and burn-
ing of liquids are presented and discussed.

Keywords Fire spread · Ignition · Radiation · Ignition temperature · Spill fire

11.1  Introduction

Fire spread is one of the most important processes during fires in tunnels. In many 
cases it determines the duration of a fire, the hazards for the evacuees and the possi-
bilities for the fire and rescue services to fight the fire. As soon as the fire has spread 
to more than one vehicle, the situation becomes more severe. This is especially true 
when heavy goods vehicles (HGVs) are involved.

Rew and Deaves identified five different types of mechanisms for fire spread 
between wagons in a rail tunnel [1]:

1. Flame impingement
2. Flame spread (that is, flame spread across a surface)
3. Remote ignition/“flashover.” Here they discussed spread from one wagon to 

another due to flashover. In many cases this means ignition by radiation. It also 
includes convective heating leading to auto ignition despite the fact that this may 
be combined with heating by radiation from flames, hot gases, or hot surfaces.

4. Fuel transfer. This includes both spread by burning liquid and by burning debris 
(“fire brands”) transported downstream of the fire.

5. Explosion, which can spread fuel and fire.

Flame impingement relates to what is termed piloted ignition. There are two types 
of piloted ignition: (1) a pilot flame impinging directly on the surface, which is 
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heated by convection and/or radiation and (2) a pilot flame (or spark) in the gases 
near the surface, but without heating the object. For fire spread between vehicles 
in a tunnel, the first type of piloted ignition is the dominating process, while the 
second type can be involved in the first ignition process.

An extended flame along the ceiling in a tunnel is an important factor to consider 
when studying fire spread in a tunnel. It will influence both mechanisms 1 and 3. It 
can also increase the flame spread along a surface (mechanism 2). Therefore, it is 
important to be able to estimate the flame length in different fire situations in tun-
nels. This subject is extensively discussed in Chap. 9.

11.2  Introduction to the Theory of Ignition

11.2.1  Solids

Fire spread can be seen as a sequence of ignition processes and, therefore, an in-
troduction to the theory of ignition is given here. For solids there are a number of 
different types of ignition [2]:

1. Ignition of fuel vapors from the material.
2. Smoldering ignition. An example of this is self heating of a porous material.
3. Direct ignition of the surface of a solid material. An example of this is ignition of 

some metals.
4. Ignition by a chemical reaction taking place directly in the solid phase. An exam-

ple of this is explosives and pyrotechnics

Ignition type 1 is the most common type for solids and for fire spread in tunnels. 
The process of producing fuel vapors is often called pyrolysis, that is, the break-
age of large molecules to smaller molecule fragments that can be released as gases. 
Some materials vaporize without pyrolizing. For ignition to take place, the material 
needs to be heated enough to produce gases in concentrations suitable for ignition. 
The fuel vapors then need to mix with air (or other oxidizer) to form a flammable 
mixture. This means that ignition can take place first after the production of fuel 
vapors is such that the concentration of the mixture reaches above the lower flam-
mability limit (LFL). A schematic drawing of heat and mass transfer in solid materi-
als is presented in Fig. 11.1.

For ignition to occur, the temperature of the fuel/air mixture needs to be in-
creased to obtain an auto-ignition. Alternatively, an external heat/energy source can 
be applied to the mixture, for example, a spark or a flame. This is called piloted or 
forced ignition. If a material is affected by external heating, the ignition in most 
cases (for most solids) takes place in the gas phase. The heat drives off volatiles, 
which then burns outside the material.

One parameter often used to define or characterize the ignition properties of a 
material is the ignition temperature. The ignition temperature is, however, defined 
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mainly in two different ways depending on the situation. First, in fire testing situa-
tions the furnace temperature is often used, for example, the gas temperature near 
the object needed for the specimen to ignite. Second, in many studies the surface 
temperature of the specimen at the time for ignition is used. The problem with the 
latter definition is that the surface temperature is often very difficult to measure.

The first definition is convenient to use for studies of the ignition temperature 
using furnaces with homogenous gas temperature. It is, however, important to note 
that when tested in a furnace, the surface temperatures of the object and the gas 
temperature in the furnace are not necessarily the same. There are, however, mea-
surements of the temperatures at the surface and in the gas phase right before igni-
tion and in these cases these temperature were essentially the same [2]. Another 
important issue is that in a real case the conditions may be such that the fuel is 
heated by radiation but cooled by convection, that is, there is no homogenous high-
temperature media surrounding the fuel. Irrespective of whether small thermocou-
ples or optical methods are used to measure the surface temperature there are risks 
for significant errors, for example, that the thermocouple is not measuring exactly 
at the surface and the surface temperature of the material or that the optical proper-
ties (emissivity) of the material are not known all through the process of heating the 
surface. The surface temperature at ignition also depends on whether the material is 
thermally thin or thick.

Fig. 11.1  Simplified schematics of the processes involved in ignition of a solid
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Thermally thin means that the material is physically thin or has high thermal 
conductivity ( k) so that it can be assumed that the temperature is the same through-
out the material. The basic theory can be found in Chap. 10 on heat fluxes and 
thermal resistance. To distinguish the thermally thin materials from thermally thick 
materials, one can introduce the Biot number, which is defined as:

 (11.1)

where h is the heat transfer coefficient (kW/(m2 K)), d is the thickness (m) of the 
material (see Fig. 11.1) and k is the thermal conductivity (kW/(m K)). For Bi small-
er than 0.1, the material is considered thermally thin. This means that the conduc-
tion of heat inside the object is much faster than the convective heat transfer at its 
surface. This means that a uniform body temperature can be assumed and this is 
often referred to as the lumped heat capacity model.

Fire scenarios, for example, with significant radiation and high levels of irradi-
ance, often involve only short time scales of the heat transfer mechanisms which 
are relevant for the important processes. This means that only the surface can be as-
sumed to be important for the ignition process. In these situations the materials are 
said to be thermally thick and can approximately be treated as a semi-infinite plate. 
This means that when the front side of a material is heated, for the time of consid-
eration a significant temperature rise has not occurred at the back side. The param-
eters important for determining whether a material is to be considered thermally 
thick are the thermal properties of the material ( k, ρ, c), the thickness of the material 
and the time of interest, where ρ is the density (kg/m3) and c is the heat capacity (kJ/
(kg K)). One way of expressing this is by calculating the thermal penetration depth, 
δp (m). This is used to calculate how far the heat wave has reached into the material 
and is expressed as distance reached where a certain fraction of the temperature rise 
is reached in relation to the surface temperature rise. Wickström [3] gave two such 
penetration depths relating to a relative temperature rise of 5 and 1 %, respectively:

 (11.2)

and

 (11.3)

where α is the thermal diffusivity ( α = k/( ρc); m2/s) and t is the time (s).
This means, of course, that the penetration depth depends on how it is defined 

and what relative temperature rise is used.
Irrespective of which one is selected, one should remember that they are devel-

oped for a situation with single-sided heating and that the penetration depth for a 
case with heating from both sides needs to be less than half of the corresponding 
value calculated from the single-side equation.

Whether a composite material with a thin outer layer should be considered ther-
mally thin or thick depends on the density of the substrate or material behind the 

Bi
hd

k
=

,0.05 2.8p t=δ α

,0.01 3.6p t=δ α
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outer layer. With a much lower density of the material behind, the ignition behavior 
is determined by the outer layer alone, while a substrate with high density can make 
the composite thermally thick even if the substrate is incombustible.

Note that most fuels present in vehicles are thermally thin. Babrauskas [2] gives 
a rule of thumb that products with thickness ≤ 1 mm will be thermally thin while 
products with a thickness ≥ 20 mm will be thermally thick (foam materials are ex-
cluded from this generalization).

The behavior of a material also depends on the heat flux. For a very high irradi-
ance it can behave thermally thick, while for low irradiance it can behave thermally 
thin.

To complicate things, the ignition is not only controlled by the surrounding tem-
perature and the ignition temperature but also the geometry and thermal inertia of 
the fuel, that is , how the heat is transferred into the object. This also depends on 
the properties of the heating source, for example, the level of radiation. It is impor-
tant to note that in many cases the time to ignition is what is of specific interest. In 
these cases, the thermal inertia may play a more significant role than the ignition 
temperature. The time to ignition for thick homogenous objects is proportional to 
the thermal inertia. The thermal inertia is dependent on the heat conductivity ( k), 
density ( ρ), and specific heat capacity ( c). In the literature, one can find two differ-
ent definitions:

 (11.4)

 (11.5)

In this chapter the first definition (kJ2/(s m4 K2)) has been used when presenting data 
in different tables. Values of heat conductivity, density, specific heat capacity, and 
thermal inertia for some selected materials are presented in Table 11.1.

The exact ignition temperature varies depending on apparatus used for the mea-
surement. However, the temperature for piloted ignition is lower than the corre-
sponding auto-ignition temperature. Examples for this are presented by Babrauskas 
for thermoplastics with ignition temperature of 369 °C (+/− 73 °C) for piloted igni-
tion and 457 °C (+/− 63 °C) for auto-ignition. The corresponding average ignition 
temperatures for thermosetting plastics are given as 441 °C (+/− 100 °C) and 514 °C 
(+/− 92 °C) [2]. There are also examples where the measured ignition temperature 
(for wood) was higher than the measured furnace temperature which means that self 
heating occurred.

It has been observed that the surface temperature for wood at ignition depends on 
the situation [5, 6]. This is summarized in Table 11.2.

To exemplify the influence of the thermal inertia on the ignition of a solid, some 
material and ignition properties of expanded polystyrene (EPS) will be discussed. 
In Table 11.3 results from cone calorimetry tests with different types of EPS are 
presented [2, 7, 8] and are also compared with some other selected materials.

1I k c= ρ

2I k c= ρ
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The time to ignition for a material exposed to radiation depends on the level of 
radiation, that is, with increasing radiation the ignition time decreases. At the other 
end of the scale, the ignition time increases so that below a certain radiation level 
ignition does not occur, at least not within a specific and long time period of expo-
sure. This minimum heat flux,  ′′qmin

(kW/m2), is defined as the minimum heat flux 
needed for the surface temperature to reach the ignition temperature, Tig [2], which 
can be determined experimentally for different materials. Cleary and Quintiere [8] 
performed tests in a cone calorimeter and found that  ′′qmin

 was 15 kW/m2, for poly-
styrene foam, both expanded and extruded, fire retarded and nonfire retarded. In 
another study, also with the cone calorimeter, Dillon [7] analyzed two different fire 
retarded polystyrene foams, for example, EPS and reached  ′′qmin

 of 8 and 23 kW/m2, 
respectively. At a first glance at the values in Table 11.3 it appears to be that 15 kW/
m2 could be used as a representative value of  ′′qmin

 irrespective of type of EPS. 
However, in the two test series the thermal properties of the materials differed, that 
is, the thermal inertia ( kρc) was different. This could explain why the fire-retarded 
and the nonfire retarded materials showed the same  ′′qmin

 in the work by Cleary and 
Quintiere. As can be seen in Fig. 11.2, there is a large difference in the correlation 
whether the nonfire retarded value is included or not. If the nonfire retarded value 
is left out, the following expression can be used:

 (11.6)( ) 0.5

min 27.2 13.4q k c
-¢¢ = × - ρ

Table 11.2  Surface temperature for wood at ignition [5, 6]
Mode of heat transfer Ts, spontaneous ignition (°C) Ts, pilot ignition (°C)

Radiation 600 300–410
Convection 490 450

Table 11.1  Material properties of some selected solid materials [3, 4]
Material Heat conductivity, 

k (kW/(m K))
Density, ρ 
(kg/m3)

Specific heat capacity, 
c (kJ/(kg K))

Thermal inertia, 
kρc (kJ2m−4s−1K−2)

Polyurethane 
foam

0.0003 20 1.400 0.000840

Fiber insulating 
board

0.00004 100 2.000 0.007920

Wood, pine 0.00014 500 2.800 0.196000
Wood, oak 0.00017 700 2.800 0.333000
Gypsum plaster 0.0005 1400 0.840 0.588000
Concrete 0.0017 2300 0.900 3.53
Steel (mild) 0.046 7850 0.460 166
Aluminum 0.20 2700 0.900 486
Copper 0.39 8930 0.390 1360
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Since the ignition temperature can be difficult both to define and measure, other 
means for comparing ignition conditions for different materials have been studied. 
One such parameter is the mass loss rate at ignition. However, it can also be difficult 
to measure this accurately at ignition and the values can be apparatus dependent 

Material Thickness, 
mm

ρ, kg/
m3

kρc, 
kJ2m−4s−1K−2

Tig, 
meas, 
°C

Tig, 
compa, 
°C

′′qmin, 
kW/m2

Refer-
ences

Polystyrene 
foam, EPS

50 32 0.58 376 15 [8]

Polystyrene 
foam, FR 
EPS

50 16 0.96 376 15 [8]

Polystyrene 
foam, FR 
EPS

50 32 0.91 376 15 [8]

Polystyrene 
foam, FR 
EPS

40 30 1.594 295 8 [7]

Polystyrene 
foam, FR 
EPS

80 30 0.557 490 23 [7]

Polystyrene 
foam, FR 
XPS

50 32 0.91 376 15 [8]

Polyethene 1.834 315–330 300 [9]
PVC, FR 3 1505 1.306 415 16 [7]
Wood, beech 15 749 0.504 358 [10]
Wood, beech 
9 % MC

0.463 380 [11]

Wood, 
Douglas fir 
0 % MC

16.8 465 0.159 350 [12]

Wood, 
mahogany

0.512 407 18 [2, 13]

Wood, Mon-
terey pine 
0 % MC

17.5 460 0.156 349 [12]

Wood, Mon-
terey pine 
11 % MC

0.593 340 [11]

Wood, oak 0.447 301 [2, 14]
Wood, spruce 15 468 0.208 375 [10]
Wood, spruce 0.214 358 [15]
Wood, spruce 0.181 352 [2, 14]
a Computed ignition temperature

Table 11.3  Results for cone calorimetry tests with expanded polystyrene (EPS). Some other mate-
rials are included for comparison [2, 7, 8]
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[2]. Another parameter that could be useful is the heat release rate (HRR), where 
a span between 25 and 50 kW/m2 are given for some common materials at piloted 
ignition [2].

The geometry of the object and the position of the heat source (flame) are impor-
tant since it is easier to ignite a corner than an edge or a flat surface. The reason for 
this is that in the case with a corner the surface temperature is raised more quickly 
since the heat can flow into the body along three directions [2]. A vertical surface 
will in most cases ignite at the top. There are two reasons for that: First, a convec-
tive flow will be formed along the surface. At ambient temperature, this flow will 
cool the surface. The boundary layer will be thicker at the top, reducing the cooling. 
For fires in tunnels in most cases the heating will also come from the hot gases and 
flames along the ceiling, heating the surfaces from above. Second, for a very high 
radiation, the effect of convection on ignition will be negligible. If a large surface is 
exposed to radiation, the time to ignition will be shorter than the time to ignition for 
a small surface for a given irradiance.
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Fig. 11.2  Minimum heat 
flux for ignition of EPS as 
function of thermal inertia. 
In the upper Figure (a) there 
is an outlier corresponding 
to a non-fire retarded case. 
If this outlier is removed the 
correlation is much better 
as can be seen in the lower 
Figure (b)
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Another phenomenon that can influence the ignition is charring. This process 
can both increase ignition time and increase the critical heat flux below which igni-
tion will not take place.

A third mechanism for ignition, in addition to radiative and convective heating, 
is direct contact with a hot body. It has been shown, however, that this requires sig-
nificantly higher ignition temperatures (around 600 °C for several materials) than 
both piloted and auto-ignition.

Effect of Velocity Air flow can affect ignition and fire spread in several different 
ways. If a material is heated by radiation, a flow of air at relatively low temperature 
cools the object and the gases near the material by convection. It also dilutes the 
fuel/air mixture. An air flow leads in these cases to a higher ignition temperature 
needed for ignition compared to a case with lower velocity or without forced air-
flow. This effect is highest at the lowest irradiances leading to ignition.

If the air flow has a temperature leading to convective heating, there is an opti-
mum velocity leading to the shortest ignition time. For low velocities, an increased 
velocity leads to faster pyrolysis and better mixing and in turn faster ignition, while 
at higher velocities an increased velocity decreases the residence time and thereby 
the time for chemical reaction. As for cold flows, it also dilutes the fuel vapors. 
There is a limit for the velocity above which ignition will not occur. This limit de-
pends on the temperature and oxygen concentration.

If the geometry is three dimensional and complex or if the material is ignited in 
the glowing mode, the addition of air via an increased air flow will affect the igni-
tion, increase the reaction rate, and increase the rate of flame spread. The reason for 
this is that it can be difficult for the air (oxygen) to reach the pyrolysates and the 
combustion zone. This can be the case in a tunnel fire when an increased air flow 
can make it easier for the air to reach the combustion zone in for example an HGV 
cargo.

In a tunnel, an airflow can also tilt the flames in such a way that they are either 
closer to a combustible surface or forced into a three-dimensional fuel. In both these 
cases it will increase the flame and fire spread. There are also other situations where 
an increased velocity will decrease the size of a fire. The effect of the ventilation on 
the fire size is discussed in more detail in Chap. 4.

11.2.2  Liquids

Combustible liquids are in tunnels available in different form, both as fuels for the 
individual vehicles and as goods transported in large bulk volumes. Therefore, it is 
important to understand also the ignition of liquids. In most cases the materials do 
not ignite in the form of liquid, but instead in the form of vapors mixing with the air, 
forming a combustible mixture. Liquids are also classified according to their flash 
point, that is, the lowest temperature at which a liquid can produce enough vapors to 
form a flammable vapor/air mixture. It should be noted that there are different test 
methods for determining the flash point, for example, closed cup or open cup flash 
point, and that these do not give the same values. Flash points for some selected 
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liquid fuels are presented in Table 11.4. Since the processes are different, there is no 
relation between the flash point and the auto ignition temperature. The fire point, 
which is also included in Table 11.4, is the lowest temperature for which ignition 
leads to sustained burning.

A burning liquid fuel can constitute a hazard in itself, but also be an important 
source for fire spread to other vehicles. An important parameter is also the thickness 
of the fuel; either it is burning on the road surface or in a bulk transport. The effects 
of the boundaries underneath the fuel bed are important but are seldom considered 
as a parameter that can influence the burning conditions.

Table 11.4  Flash point and fire point temperatures for liquid fuels [2, 5]
Material Closed cup flash point (°C) Open cup flash point (°C) Fire point (°C)
Gasoline 
(100 Octane)

− 38a

n-Hexane − 22a, b − 26b

Cyclohexane − 20a

n-heptane − 4b − 1b 2b

n-octane 12b, 13a

Iso-octane − 12a

n-nonane 31b 37b 42b

n-decane 46a, 44b 52a, b 61.5a, b, 66b

n-dodecane 74a, b 103a, b

m-xylene 25b 44b

o-xylene 32b 36b 42b

p-xylene 27a, 25b 31a, b 44a, b

Methanol 11a, 12b 1a (13.5)a, c 1a (13.5)a, c

Ethanol 13a, b 6a, (18)a, c, 22b 6a (18)a, c, 22b

Propanol 26a, 29 16.5a (26)a, c 16.5a (26)a, c

n-butanol 35a 36a, b (40)a, c 36a (40)a, c, 36–50b

Sec-butanol 24b 29b

i-pentanol 41a 57a

Glycerol 160b 207b

JP6 38b 43b

Fuel oil, No. 2 124b 129b

Fuel oil, No. 6 146b 177b

Motor oil 216b 224b

a Drysdale [5]. Closed-cup flash points comes from work by NFPA [16], while the open-cup 
flash point and fire points come from work by Glassman and Dryer [17]
b Babrauskas [2]
c Values in parentheses refer to ignition by a spark and not pilot flame
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11.2.2.1  Release of Liquids

Liquid fuels can be released in tunnels in different ways: small leakages from fuel 
tanks or fuel hoses, ruptured tanks, leakage from a tanker carrying a flammable 
liquid, etc.

To estimate the extent of an unconfined spread of a liquid fuel, one needs to 
know the resulting thickness of the spill. Gottuk and White [18] summarize the 
results from several tests in the following relationships:

 

(11.7)

where A is the area (m2) and Vs is the volume in liters (L) of the spill
As conservative minimum depths δ (mm), the following values were given:

 

(11.8)

When the area of unconfined spill is calculated it is important to note that the area 
increases after being ignited. That means if cold spill area is denoted As, the fire 
area, Af, can be calculated as [18]:

 (11.9)

The discussion above, regards a momentary release of a certain volume of fuel. If 
there is continuously flowing spill, the situation will be different. After ignition a 
balance will be reached between the volumetric burning and flow rates of the liquid 
release, VL

 (m3/s). From this balance a steady state diameter, Dss (m) can be derived 
[18]:

 
(11.10)

Based on empirical data, Gottuk and White recommend that for high fuel release 
rates (> 10 L/min), confined pool burning rates are used, while for lower rates spill 
burning rates are used, that is, one fifth of the pool burning rates. Burning rates in 
kg/(m2 s) for pool fires are discussed in more details in Chaps. 3 and 4.

Ingason [19] performed spillage tests on roadway asphalt and painted particle 
board with different slopes, leakage hole diameter, and volume flow rates.

The volume flow rate, V  (m3/s), of a leakage from a circular hole in a vehicle 
trailer tank can be calculated from:

 (11.11)

where

 (11.12)

A V

A V
s

s

/ . /

/ . /

= <
= ≥





1 4

0 36

 m L Spill  95 L

 m L Spill  95 L

2

2

0.7 mm   Spill  95 L

2.8 mm   Spill 95 L

d
d

ì = <ïïíï = ³ïî

A Af s= 1 55.

1 2
4 L

ss

V
D

m

r
p

æ ö÷ç ÷= ç ÷ç ÷ç ¢¢è ø





V A K h KtT= −2 1( )

2 2

8
v

T

C D g
K

A

p
=



302 11 Fire Spread

and AT is the horizontal surface area of the leaking compartment (m2), D is the hole 
diameter of the leakage (m), h1 is the initial height (m) of the fuel (gasoline) at 
t = 0 s, Cv is the flow contraction coefficient (= 0.7), g is gravitational acceleration 
(m/s2) and t is the time (s).

Ingason found that the area of the spill can be estimated by

 (11.13)

where B (m) is an average width between the impingement point of the leakage and 
the side where the drainage system is and L is the center line distance from the im-
pingement point to the drainage system (m). The test results showed that for a spill 
onto asphalt B can be estimated by the following empirical correlation:

 (11.14)

The length L depends on the slope but Ingason gave an expression for the maximum 
spillage area [19]:

 
(11.15)

where ρf is the density of the fuel (kg/m3) and  ′′m  the burning rate of the spillage 
(kg/s/m2). For a circular pool spillage with a diameter Dss, Eq. (11.15) gives the 
same results as Eq. (11.10). The actual spillage area depends on the design of and 
distance to the drainage system.

Example 11.1 A tanker carrying 20,000 m3 of gasoline starts to leak through a pipe 
connected to one of the five tanker compartments. The surface area AT of each com-
partment is 3 m2. The diameter of the leaking opening is 0.05 m and the distance to 
the drainage system is 6 m. What is the potential fire size, or HRR (in MW) on the 
road surface if the fire starts after 30 s?

Solution: As there are five compartments, each carries 4 m3 of gasoline. The ini-
tial height h1 is therefore 4m3/3m2 = 1.33 m. Using Eq. (11.12) and Cv = 0.7 we 
obtain K = 0.001 and with aid of Eq. (11.11), we obtain the volume flow after 30 s, 
V  = 0.0067 m3/s (6.7 l/s or 405 l/min). The width B of the spillage at this time is 

obtained by using Eq. (11.14), or 4.8 m. The total area A is obtained by Eq. (11.13), 
or 28.8 m2. The maximum spillage area Amax that can exist is obtained with 
Eq. (11.15). From Table 11.4 we obtain for gasoline ρf = 740 kg/m3

,  ′′m  = 0.055 kg/
(m2 s) and ∆Hc eff,  = 43.7 MJ/kg (assuming χ = 1). The maximum area that can burn 
is 0.0067 × 740/0.055 = 90 m2 which is larger than 28.8 m2. Thus, the HRR will be 
28.8 × 0.055 × 43.7 = 69 MW. Here we have not considered the effects of pan size or 
the depth of the fuel.

11.2.2.2  Flame Spread over a Liquid Surface

It has been shown that both the flame spread rate and the fire intensity decreases 
significantly when the fuel depth decreases below a couple of centimeters [18, 20]. 
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In tests on JP-5 fuel, the HRR for a thin fuel layer was 20–25 % of the HRR for the 
thick-layer case [20]. There are also studies indicating that the flames do not spread 
from the source of ignition when the fuel layer thickness is below 1.5 mm [20].

The spreading rate of a fire over a liquid fuel surface depends on the temperature 
of the fuel. Above a certain initial surface temperature the flame spread is controlled 
by the gas phase and flame propagation velocities in the order of 1 m/s can be ob-
served [18]. Below that temperature, different regions were observed. The differ-
ent temperature intervals and the observed velocities might vary between fuels and 
setup, but the effect of the fuel temperature is clear from the reported experiment. 
It is also important to remember that the flame spread rate decreases with the pan 
width [20].

White et al. [20] studied the effect of the temperature on the flame spread rate, 
but for isopentanol. They also observed a significant increase in the flame spread 
when the liquid temperature increases. As the temperature increased, three differ-
ent regions were identified: the liquid-controlled, the gas phase-controlled, and the 
asymptotic gas phase-controlled regions. In the first region (I), where the flame is 
spread with surface tension-induced flow, there is a slow increase in flame spread 
rate with temperature. In the second region (II) there is a steep increase in flame 
spread rate with temperature while in the third region (III) the flame spread rate is 
approximately constant with increased temperature (see Fig. 11.3). The transitions 
between the different regions occur at the temperatures Tgo and Tgm, respectively. 
The regions are defined in Fig. 11.3.

The experimental results indicate that the parameters most important for the 
flame spread are the initial fuel temperature (before ignition), Tl, the flash point of 
the fuel, Tfl. and the difference between them. For JP-8, for example, the transition 
between region I and region II occurred when Tl − Tfl = Tgo − Tfl ≈ 18 °C. The results 
for different fuels are summarized in Table 11.5. Flash points for other fuels are 
given in Table 11.4.

For hydrocarbons tested, the maximum flame-spread rate in region I was 0.1 m/s 
and in region III between 1.20 and 2 m/s. This was the case also for alcohols, but 
there the span limits in region III were 1.5 and 2 m/s. When the flame spread rate is 
known, the fire area can be described:

 
(11.16)

where v is the flame spread velocity (m/s) and w is the width (m) of the confinement 
of the fuel, for example, walls.

The burning rate of a spill fire is lower than the corresponding confined pool 
fire with a significantly larger fuel depth (centimeters rather than millimeters). For 
diameters larger than 1 m, the burning rate of a spill fire is approximately one fifth 
of the burning rate of the corresponding confined pool fire [18].
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Table 11.5  Summary of transition temperature between different regions for some selected fuels 
[18]
Fuel Tfl (°C) Tgo (°C) ( Tgo − Tfl) Tgm (°C) ( Tgm − Tgo) ( Tgm − Tfl)

JP-8 39 57 18 62 5 23
25/75 
JP-8/5

42 60 18 66 6 24

50/50 
JP-8/5

48 65 17 72 7 24

75/25 
JP-8/5

54 68 14 74 6 20

JP-5 63 76 13 79 3 16
Decane 44 56 12 62 6 18
Average of 
1–6 above

15 6 21

1-Pentanol 48 52 4 62 10 14

Fig. 11.3  Presentation of the regions of flame spread as function of fuel temperature and defini-
tion of Tgo and Tgm. (After Gottuk and White [18])
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11.2.2.3  The Effect of Macadam

The burning rate of a liquid fire depends on the depth of the fuel layer. The effects 
of different thicknesses on the HRR have been discussed in detail in Chap. 4. The 
burning rate is also dependent on the surface type, that is, if a fuel spillage is re-
leased onto a hard asphalt surface or onto a surface with a layer of macadam as is 
often used in rail tunnels.

Lönnermark et al. [21] performed a test series to study the effect of the relation 
between the fuel height and macadam on the burning rate. The test series, performed 
with different depth of liquid fuel (heptane and diesel) in a pool with macadam, 
showed that the macadam had a significant influence on the burning rate of the fuel.

The fire tests were performed using a pool with an area of 3.1 m2 (2 m diam-
eter). The pool was placed beneath an industry calorimeter to measure the HRR. 
Macadam was included in the pool up to a height of 0.15 m. Railway macadam of 
Class I (washed; 32–64 mm) was used. The bulk volume of the macadam was ap-
proximately half the free volume of the pool with the same height, that is, half the 
amount of liquid could be used to reach the same height in the pool compared to the 
case without macadam in the pool.

Heptane was used as the main fuel. During the test series the volume and depth 
of fuel were varied. The main parameter varied was the depth of fuel in relation to 
the depth of macadam, that is, the level of the upper surface of the fuel in relation 
to the upper layer of the macadam. To limit the time for each test, a water layer was 
added beneath the fuel in the pool. Two tests were also performed with diesel oil as 
fuel to study the influence of the fuel characteristics on the results. For each fuel a 
free-burning test without macadam was performed.

From the analyses it can be seen that the HRR for all cases with macadam are af-
fected relative to the free-burning cases. When the upper fuel level is a distance be-
low the upper macadam level there is a significant effect. This effect increases with 
the distance between the fuel surface and the upper level of macadam. This is shown 
graphically in Fig. 11.4. The influence of macadam can be used in rail tunnels or in 
other situation with macadam where the effect of a fuel release should be assessed.

11.3  Fire Spread in Tunnels

The different ways of fire spread in a tunnel were presented in Sect. 11.1:

1. Flame impingement
2. Flame spread
3. Remote ignition
4. Fuel transfer
5. Explosion.

Some of these points have been briefly discussed as separate issues in the sections 
above. In this section, the specific situation with a fire in a tunnel and ways and 

11.3  Fire Spread in Tunnels 



306 11 Fire Spread

consequences of fire spread are discussed. In Fig. 11.5 some of the ways of fire 
spread given in the list above are exemplified.

The specific geometry of a tunnel with its semi-confined space with walls and 
often very limited ceiling height makes the fire spread situation very much different 
from fires freely burning above ground. Initially, the fire starts to spread inside the 
vehicle and the flames and hot gases extend to the ceiling. With limited ventilation 
the flames and hot gases are then guided in two directions along the tunnel tube. 
If a significant ventilation flow is present, the flames and fire gases are directed in 
mainly one direction. The extent of the flow of hot gases depends on the type of 
ventilation system and where the extraction points are positioned (see Chap. 13).

In road tunnels the main reasons for large fires are collisions between vehicles 
or with the tunnel wall. In the latter case, the vehicle can catch fire directly or due 
to subsequent collision with other vehicles. Some other causes are overheating (en-
gine, brakes), faults in the engine or gear box, leakage of flammable liquids, etc.

A stop in a tunnel, due to a single-vehicle stop or collision, often results in a 
long queue of vehicle or even a multivehicle pileup, which could lead to further fire 
spread. This is also the situation if there is a queue downstream of the fire as well. 
This could be the case in a city tunnel during rush hours or because of a stop in the 
traffic due to another accident.

Fig. 11.4  The ratio between 
the peak 1 min average of the 
HRR for tests with mac-
adam and a free-burning test 
without macadam, presented 
as function of the height 
difference between the level 
of macadam and the level 
of the upper surface of the 
liquid fuel. A positive height 
difference indicates the liquid 
surface is below the level of 
macadam

 

Fig. 11.5  Examples of different processes in fire spread in a tunnel
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The main reasons for fires in rail tunnel are not as obvious as those in road tun-
nels. There are, however, fires due to collisions also in rail tunnels. Furthermore, 
derailment is the cause of several fires. In some cases the event has started with an 
explosion. Some have electrical causes, not only underneath the train (for example, 
due to short circuit) but also inside the train, for example, in a cabinet. Some causes 
are not fully described while several were due to arson. Examples of key fire inci-
dents in rail tunnels are given in Chap. 1.

In many cases, fires in tunnels are not ventilation controlled, but if there are 
several vehicles involved in the fire a ventilation-controlled situation can occur. 
The fire spread and burning process in such a situation is schematically presented in 
Fig. 11.6. The process can be divided into five different steps as shown in the figure:

1. Preheating of unburnt fuel downstream of the fire
2. Pyrolysis leading to a region with excess fuel
3. Combustion (fully-developed fire)
4. Glowing ember
5. Burnt out/cooling

If there are more vehicles positioned further downstream in the tunnel the described 
process will continue and move in the downstream direction in the tunnel, starting 
from point 1 again.

If the fire is assumed to radiate as a point source, the radiation from the fire can 
be estimated by

 
(11.17)

where χr is the fraction of the total HRR, Q  (kW), that is emitted as radiation and 
Kr is a constant based on χr. In Table 11.6 χr and Kr are given for some selected ma-
terials. For the gases and several of the liquids the average of χr is approximately 
0.3, which is a value commonly used. However, as seen in the table, the values vary 
from 0.14 for methane upto 0.64 for one of the rigid PU foams. Also some of the 
liquids have high values. Therefore, it is important not to use 0.3 in all situations, 
but try to relate the value to what is actually burning. The average for all the values 
of χr in the table is 0.40 (53 different materials), but this value of course depends on 
what materials are included. One should, however, note that the data were obtained 
from small-scale tests which differ from large-scale fires. Full-scale test data are 
recommended for use if they are available. For many of the common hydrocarbon 
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Fig. 11.6  Schematic description of the fire spread and burning process in a ventilation controlled 
fire in a tunnel. (After Ingason [22])
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Material χr Kr

Methane 0.14 0.011
Ethane 0.25 0.020
Propane 0.29 0.023
Butane 0.31 0.024
Ethylene 0.34 0.027
Propylene 0.37 0.029
Average common gases 0.28 0.022
Methyl alcohol 0.16 0.012
Ethyl alcohol 0.25 0.020
Isopropyl alcohol 0.29 0.023
Acetone 0.27 0.022
Heptane 0.33 0.026
Octane 0.33 0.027
Kerosene 0.35 0.028
Benzene 0.60 0.048
Toluene 0.60 0.047
Styrene 0.53 0.042
Average common liquids 0.37 0.030
Tissue paper 0.41 0.033
Wood (red oak) 0.37 0.030
Wood (Douglas fir) 0.38 0.030
Wood (pine) 0.30 0.024
Average cellulosic materials 0.36 0.029
POM 0.22 0.018
PMMA 0.31 0.025
PE 0.43 0.034
PP 0.41 0.033
PS 0.59 0.047
Silicone 0.31 0.025
Polyester-1 0.48 0.038
Nylon 0.40 0.032
Average synthetic solids 0.40 0.031
PU (flexible) foam GM21 0.52 0.041
PU (flexible) foam GM23 0.46 0.036
PU (flexible) foam GM25 0.58 0.046
PU (flexible) foam GM27 0.54 0.043
Average flexible PU foams 0.52 0.042
PUR (rigid) foam GM29 0.59 0.047

Table 11.6  Radiation fraction from different burning materials, calculated based on data from 
Tewarson [24]
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fuels the radiative fraction decreases with increasing pool diameter. Koseki [23] re-
ports that when the fire diameter is smaller than about 2 m, the radiative fraction for 
these fuels is 0.3–0.5, while when increasing the diameter to 10 m the radiative frac-
tion decreases to 0.07–0.2. Further, note that the assumption that a fire is a radiation 
point source is a simplification that can be useful in some situations to estimate the 
risk for fire spread. However, in other situations a more detailed analysis is needed, 
for example, when there are long flames radiating toward an object. For information 
on more general methods for calculating radiation, see Chap. 10.

Large-scale tests simulating HGV fires were performed in the Runehamar tun-
nel, 2003 [25]. The radiation given by Eq. (11.17) was calculated for the maximum 
HRR during the mentioned Runehamar tests. The values were measured on the up-
stream side of the fire. In Fig. 11.7 these calculated values were compared to mea-
sured values [26]. In these calculations, a value of 0.3 was used for χr. A relatively 
good correlation can be seen.

In the tests in the Runehamar tunnel, fire spread was studied using targets down-
stream of a mock-up simulating an HGV fire [27]. Different types of targets were 
used: large targets with the same type of commodity as used in each of the full-scale 
tests and smaller wooden and plastic targets placed on the ground at different dis-

Material χr Kr

PU (rigid) foam GM31 0.55 0.044
PU (rigid) foam GM35 0.56 0.044
PU (rigid) foam GM37 0.51 0.041
PU (rigid) foam GM41 0.64 0.051
PU (rigid) foam GM43 0.57 0.045
Average rigid PU foams 0.57 0.045
PS foam GM47 0.56 0.045
PS foam GM49 0.61 0.049
PS foam GM51 0.58 0.046
PS foam GM53 0.57 0.045
Average PS foams 0.58 0.046
Corrugated paper boxes, empty 0.25 0.020
Corrugated paper boxes w. PVC (62 %-thick) 0.11 0.009
Corrugated paper boxes w. PC (59 %-thick) 0.27 0.021
Corrugated paper boxes w. PS (58 %-thick) 0.23 0.018
Corrugated paper boxes w. PS (60 %-thin) 0.48 0.038
Corrugated paper boxes w. PS (40 %-thin) 0.36 0.029
Corrugated paper boxes w. ABS (59 %-thick) 0.21 0.017
Corrugated paper boxes w. PET (41 %-thin) 0.41 0.032
Corrugated paper boxes w. PU (40 %-foam) 0.40 0.032
Average corrugated paper boxes w/wo polymers 0.30 0.024

Table 11.6 (continued)
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tances from the seat of the fire. The plastic targets were affected approximately up 
to the flame length while the fire spread to the pieces of wood occurred up to a dis-
tance of about (or somewhat more than) 70 % of the flame length. For the 202 MW 
fire in test T1 this corresponds to fire spread distances of 95 m for plastic targets and 
70 m for wooden targets. This corresponds to spontaneous ignition due to radiation 
dominated fire spread from the upper layer to the road surface. With a higher target, 
for example, a vehicle with a cargo, the fire might spread even further distances 
between the initial fire and the target since convective heating and high temperature 
in the upper layer influence the target to a larger extent. Also direct impingement of 
flames onto the target can occur. The radiation will, however, still be an important 
factor for the fire spread. When the fire spreads to the large target (20–22 m down-
stream of the center of the fire), the HRR was in the range of 20–40 MW. This was 
obtained in a longitudinal flow of about 2–3 m/s.

The fire spread results from the Runehamar tests can be compared to the obser-
vations from the fire in the Fréjus tunnel in June 2005. The fire started in the engine 
of an HGV loaded with tyres [28]. The fire then spreads to an HGV loaded with 
cheese 60 m away. An HGV with scrap metal another 60 m away was also ignited. 
A fourth HGV, 350 m from the initial fire was ignited, but this was extinguished be-
fore the tank containing toxic glue was ruptured [29]. This HGV was extinguished 
approximately 6 h after the driver of the first HGV pressed the SOS button [28]. 
These observations correlate well with the results from the Runehamar tests. It 

 

Fig. 11.7  Calculated ( Calc) and experimental ( Exp) radiation levels upstream of experimental 
setup in the Runehamar tests. The calculated values are based on the maximum HRR and the dis-
tance from the center of the fire (trailer mock-up) [26]
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shows the long distances this type of fire can spread and, once again emphasizes the 
importance of HGVs on the outcome of tunnel fires.

A number of road tunnels fires have occurred throughout Europe with cata-
strophic results. These are described in Chap. 1, Tables 1.1 and 1.2. In all these 
fires, the cargo in HGV trailers played a major role in the outcome. The main reason 
being that the trailers contain a very high-fire load and the fire could easily spread 
within the cargo and further to adjacent vehicles due to the tunnel ventilation and 
the long flames created. Fire spread between vehicles is, therefore, of great concern 
inside a tunnel. An interesting thing to note is that, typically, fires involving only 
one HGV lead to no fatalities. There are many such examples, for example, Fréjus 
1983, St. Gotthard 1984, Fréjus 1993, St. Gotthard 1994, and St. Gotthard 1997. 
On the other hand as soon as two or more HGVs are involved, the severity of the 
situation increases leading to fatalities, for example, in Velsen 1978, Nihonzaka 
1979, Gumefens 1987, Serra a Ripoli 1993, St. Gotthard 2001, and Fréjus 2005. 
One important exception is the fire in the Channel tunnel in 1996, which involved 
in total ten HGVs, but did not lead to any fatalities. However, there are some im-
portant features of this fire that make it different. The HGVs were transported on 
a train and all the drivers and other people travelling on the train were sitting in a 
special passenger coach in the front of the train. With a supplementary ventilation 
system, the operator managed to reverse the air flow making the fire spread in the 
opposite direction. This made it possible for the people to escape with only minor 
effects of the smoke.

It can be worth noting that both in the St. Gotthard tunnel, where one of the 
catastrophic fires occurred, and in the Fréjus tunnel with fatalities during a fire in 
2005, there have previously been fires not leading to fatalities and the main dif-
ference between these cases seems to be the number of HGVs. In the St. Gotthard 
tunnel HGVs/lorries were involved in fires on 14 separate occasions between 1992 
and 1998 [30].

The analysis of the fires in tunnels presented in Tables 1.1 and 1.2 showed the 
importance of the number of vehicles involved in a fire, and even when the number 
of HGVs involved in a fire in a tunnel increased from one to two, the risk for a cata-
strophic outcome seems to increase significantly. This underlines the importance 
of fire spread for the severity of a fire in a tunnel. In the Mont Blanc tunnel fire in 
1999, a total of 15 HGVs entering from the French side were burnt over a distance 
of 500 m (another 8 HGVs entering from the Italian side were also involved in the 
fire) [31, 32]. The distance between the HGVs varied between 3 and 45 m. In the 
fire in the St. Gotthard tunnel 2001, 13 HGVs and 10 cars over a distance of 550 m 
were involved in the fire.

There are several reasons why the fire spread and involvement of more than one 
vehicle are important for the outcome of the fire. One reason is that as soon as two 
or more vehicles are involved it can be very difficult for the rescue services to reach 
the site of the fire, both due to the increased radiation and to the fact that the rescue 
services would need to be able to come between the burning vehicles to be able to 
fight the fire. The ventilation can have a crucial impact on this situation since venti-
lation can make the conditions upstream of the first vehicle endurable for the rescue 
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services approaching the fire, while the conditions downstream of the first vehicle 
can become more severe and the fire can spread more easily.

One conclusion from fires in tunnels presented and discussed above is that goods 
that are considered to be nonhazardous transported on an HGV must be considered 
to be hazardous when involved in a fire in a tunnel. As soon as more than one HGV 
is involved in a fire in a tunnel, the situation becomes severe and often leads to 
fatalities. Both real fires in tunnels and fire experiments have shown that there are 
risks of fire spread over long distances when HGVs are involved in the fire.

Example 11.2 A HGV trailer carrying tissue paper is burning. The peak HRR is 
estimated to be 75 MW. How close to the fire can the fire fighters reach if their 
protecting clothes can withstand 5 kW/m2 during their operation?

Solution: We rearrange Eq. (11.17) to obtain the distance r. This means that 

r K
Q

qr=
′′





 
. We obtain Kr from Table 11.6 for tissue paper, Kr = 0.033. Thus, the 

critical distance for the fire fighters is 0 033
75000

5
.  = 22 m.

11.4  Modeling of Fire Spread

Much of the modeling performed for tunnels include CFD modeling to calculate the 
temperature distribution and flow of hot gases and smoke (see Chap. 17). It is possi-
ble to use results from such models or from hand calculations to estimate the risk for 
fire spread, for example, by estimating the radiation (see for example, Sect. 11.3).

Ignition of a solid, however, involves many different processes and it can be dif-
ficult to model in detail. It is, therefore, common to make a number of assumptions 
and simplifications to be able to derive an equation that is possible to solve. In addi-
tion, many of those expressions are related to a specific test method with controlled 
conditions. The most common representations and assumptions for piloted ignition 
of solids are presented and discussed by Torero [33] and Babrauskas [2].

The main assumptions are:

• The solid remains inert until ignition, that is, the time delay before ignition is 
mainly related to heating the solid. This means that ignition will occur at the 
onset of pyrolysis. The ignition process can be represented by an ignition tem-
perature Tig (surface temperature at ignition) and an ignition delay time, tig (s), 
which is the time delay from start of exposure to ignition.

• Constant thermal material properties, both in space and time, that is, for k (kW/
(m K)), ρ (kg/m3), and c (kJ/(kg K)).

• Most of the incident heat flux,  ′′qe
(kW/m2), is absorbed by the solid at the sur-

face, that is, absorptance αr ≈ 1.
• Linearizing of the surface radiation and lumping the reradiation term together 

with the convective term using a total or effective heat transfer coefficient, heff 
(kW/(m2 K)).
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• Assumptions regarding the backside losses, for example semi-infinite (thermal-
ly-thick body)

Note that Torero uses the name minimum heat flux for ignition while Babrauskas 
denotes it as critical heat flux,  ′′qcr

(kW/m2). Babrauskas describes that there actually 
is a minimum heat flux  ′′qmin

 (higher than  ′′qcr
) at the time of ignition below which 

ignition does not occur. This means that there is a finite maximum tig for ignition to 
occur. Still, if it is assumed that tig → ∞ (under the critical condition), the following 
equation can be derived:

 (11.18)

Assuming a constant external heat flux, the following equation for the case with 
high-incident heat flux can be derived [33] (see also Chap. 10):

 

(11.19)

This case is valid for tig << tc, where

 (11.20)

The corresponding equation for a case with low incident heat flux ( tig ≥ tc) [33]:

 

(11.21)

To correlate the derived equation with experimental results different procedures and 
relations have been suggested. Janssens derived the following equation [2]:

 

(11.22)

Note the different exponent of the thermal inertia and tig.
The ignition time delay can from Eq. (11.22) be written as:

 

(11.23)
For thermally thin solids Babrauskas presents three different cases where the front 
face in all cases is exposed to radiant heat flux and there is re-radiation and convec-
tive cooling:

1. The back face is perfectly insulated.
2. The back face undergoes reradiation and convective cooling.
3. The back face is exposed to identical heat flux as the front face and undergoes 

reradiation and convective cooling
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Note that for the discussions above, piloted ignition has been assumed. For cases 
without pilot, the air velocity and temperature strongly affect the time to ignition. 
This is extensively discussed by Babrauskas [2].

For tunnels the situations in many cases are extreme and significantly different 
from the conditions in the different test methods used when determining values for, 
for example,  ′′qcr

. The high air flow around the object for the fire to spread to may 
cool and disperse the mixture of pyrolysis gases at the surface and thereby delay 
the ignition process. Therefore, much care must be taken when taking these values 
into a real tunnel fire situation. However, the table values presented in this chapter 
together with the presented equation can give information on important influencing 
factors and relative differences between various materials.

One of the few models specifically developed for fire spread in tunnels is the one 
developed by Beard [34–38]. The model (FIRE-SPRINT) was created to model the 
fire spread from a burning HGV to a second HGV. There has been a continuous de-
velopment of the model through different versions as summarized below (if nothing is 
mentioned the next version of the model has the same assumptions as the one before):

FIRE-SPRINT A1 [34]: It was assumed that the fire does not extend over or 
around the target vehicle, but is retained near the region of the initially burning 
vehicle (no flames extend downstream of the initial fire). A flow of air of ambient 
temperature exists in the tunnel due to forced ventilation. No smoke is assumed 
to move upstream. No radiative heat transfer occurs from the fire to the gases, but 
radiative feedback exists on the fire from the gases.

FIRE-SPRINT A2 [35]: A flame is assumed to extend to the upper part of the 
tunnel, also above the target, but there is a region above the target with no flame 
(between the target and the flame). It is assumed that no direct radiative heat trans-
fer occurs between the downstream flame and the target.

FIRE-SPRINT A3 [36]: As in FIRE-SPRINT A2, but with a thicker flame in 
the region between the fire and the target. Thermal radiation is assumed to exist 
between the downstream flame section and the top of the target object.

FIRE-SPRINT B1 [37]: Flame impingement onto the target is assumed to exist 
(a persistent flame impingement is assumed).

The models have been used to estimate the fire spread by calculating the limits of 
stability of the system (correlated with a jump in the temperature) by means of nonlinear 
dynamics, and investigating how these limits depend on the HRR, the air flow velocity 
and the distance between the fire and the target. In each of the above mentioned cases, 
the limit for HRR to reach an unstable condition (fire spread) has decreased, which is 
in line with what can be expected. For a case with 6.45 m distance between the fire and 
the target and an air velocity of 2 m/s, the critical value of the HRR was calculated to be 
55.2, 45.3, 38.6, and 14 MW, respectively, for the four different model versions.

The differences in results obtained with the different versions show both the im-
pact different processes can have on the results, and the importance of large-scale 
fire tests to validate both models used and assumptions made. There are also cases 
when flame impingement onto the target (for example, another vehicle) does not 
exist, which means that knowledge about the actual situation is needed to make the 
correct assumptions (that is, to choose the correct version of the fire spread model).
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To shed some light on the issue regarding whether flame impingement is prob-
able during a certain fire situation or not, Carvel et al. [39] collected experimental 
information from the literature and used Bayes’ Theorem to calculate the probabil-
ity of impingement.

The authors scale the experimental results and draw the conclusion that the flames 
from a majority (“a large portion”) of HGV fires will impinge on another HGV up to 
20 m downstream of the fire. For a car fire (assumed to have a HRR less than 8 MW) it 
is unlikely that the flame will impinge on another vehicle more than 5 m downstream. 
In both cases the results are assumed to be valid for air velocities between 1 and 4 m/s.

Hansen and Ingason [40, 41] studied the fire risks in mines and developed a 
methodology to calculate fire spread among multiple objects to calculate HRR de-
velopment in vehicles in underground structures. The modeling uses summation 
of individual HRR curves for different burning objects. The method, which was 
suggested by Ingason [42], is based on work by Numajiri and Furukawa [43]. It as-
sumes a fire with a negligible constant period of maximum HRR and is useful only 
for fuel controlled fires. The model includes different parameters: maximum HRR, 
a retard index, an amplitude coefficient, and a time width coefficient. Several of 
these parameters can be related to the maximum HRR or the total energy content, 
but the retard index is determined by curve fitting. See Chap. 6 for further detailed 
information on fire curves.

To model fire spread it is also necessary to decide when a second object is ig-
nited due to the flames from the first object. Three different methods to determine 
or model the ignition of a second object were evaluated as ignition criteria: one 
method with critical external heat flux and two methods using a surface ignition 
temperature. The first method was shown to be best for short distances between 
objects while the ignition temperature methods worked better for longer distances 
between the objects. Another issue is to find relevant values for critical heat flux 
and ignition temperatures as discussed earlier in the chapter. However, with suit-
able values good correlation can be found between the model and the experimental 
results for the selected scenarios.

Lönnermark and Ingason [27] investigated the fire spread in the Runehamar 
tests [25]. Several targets were placed at different locations downstream of the fire, 
see location of small targets of Plastic and Wood pieces at floor level in Fig. 11.8. 
Models of the average temperature for the cross-section were used to study the 

Fig. 11.8  A diagram of the fire load and the targets placed downstream of the fire. (From Lön-
nermark and Ingason [6])
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connection of this parameter to fire spread. For the region of fire spread, a large 
temperature difference between the temperature in the upper layer and the calcu-
lated average temperature of the cross-section exists. This temperature difference 
has an important effect on the incident radiation, which in most cases is the cause 
of fire spread. The use of an average temperature in fire spread calculations might, 
therefore, be misleading.

In the vicinity of a fire, the radiation dominates the heat transfer. The incident 
heat flux represents the intensity of incident radiation from surroundings. The inci-
dent heat flux received on the target surface can be approximately estimated using 
the following equation (see Chap. 10 on heat flux):

 (11.24)

where εg is the gas emissivity, Tg is the gas temperature (K), Fo-g is the view factor 
from the target to smoke layer. Note that Tg must be expressed in degrees Kelvin for 
this equation to be valid and εg in most cases can be considered as 1 for estimation 
of fire spread due to the sooty smoke layer. The view factor is equal to one if the 
target is immersed in the layer or else it is lower than 1, for example, a surface at the 
floor level. How to calculate this view factor can be found in Chap. 10 on heat flux.

The critical condition for ignition is difficult to identify. The critical ignition 
criterion varies significantly, including ignition temperature, critical heat flux, criti-
cal fuel mass flow rate, etc. In spite of the significant difference in determination 
of the critical ignition condition, it can be expected that there is a strong correlation 
between the ignition and the ceiling gas temperature in a ventilated tunnel fire. 
Ingason et al. [25] analyzed the ignition condition using the critical ceiling gas tem-
perature, that is, the minimum ceiling gas temperature required to ignite the target 
material of plastic and wood material. At the ignition state, the controlling equation 
for the energy in the surface layer of the sample can be expressed as:

 (11.25)

where ′′qig is the critical net heat flux at ignition (kW/m2), ′′qinc cr, is the critical inci-
dent heat flux at ignition (kW/m2) from Eq. (11.24), εs is the surface emissivity of 
the sample and Tig is the ignition temperature (K). Since the emissivities of the com-
mon materials, such as wood and PE plastic, are generally in a range of 0.8–0.95, 
the surface emissivity of the sample is not supposed to have a strong influence on 
the total heat flux absorbed by the sample, except for some special materials. The 
above equation in fact indicates that there exists a critical incident heat flux corre-
sponding to the ignition state in a given condition.

Ingason et al. [25] found that the location of wood crib surface relative to the 
smoke layer height plays an important role in the fire spread. It can be argued that 
the fire spread to the second vehicle is unlikely to occur if a tunnel height is very 
high, say up to twice the vehicle height. They found that for wood the ceiling gas 
temperature at the edge of fire spread, that is, the critical ceiling gas temperature, 
is in a range of 709–955 °C in the Runehamar test T2, 674–740 °C in T3 and 674–
740 °C in T4. This means that a ceiling gas temperature of about 700 °C is required 
to ignite the wood crib placed on the floor level. The mechanism of ignition should 

4
inc g o g gq F Tε σ−=′′

4
,( ) ( )ig s inc cr ig c igq q T h T Tε σ ∞= − + −′′ ′′ 
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be the spontaneous ignition by thermal radiation. According to Li et al. [44], a sur-
face temperature of 600 °C should be obtained for wood before its spontaneous 
ignition. Given the differences between experimental conditions in the tunnel and 
those in the reference, these temperatures correlate well with each other. In a study 
of the fire spread using model scale tests [45], the critical ceiling gas temperature 
for fire spread to the second wood cribs is about 600 °C for fire spread to the wood 
with surface close to the ceiling in a tunnel fire. It is therefore concluded that the 
critical ceiling gas temperature is about 700 °C for fire spread to a wood at floor 
level and about 600 °C for fire spread to the wood with surface closer to the ceiling 
(mid tunnel height) in a tunnel fire.

For plastic material the critical ceiling gas temperature, is below 1001 °C in the 
Runehamar tunnel fire test T1, below 710 °C in T2, below 672 °C in T3 and in a 
range of 466–514 °C in T4. Compared to the wood, the plastic material in these tests 
was much easier to ignite. It was concluded that the critical ceiling gas temperature 
for fire spread to the plastic materials placed at the floor level can be considered to 
be 490 °C, that is, an average value of 466–514 °C in T4.

11.5  Summary

In the chapter different parameters affecting the ignition and fire spread are pre-
sented and discussed. For tunnels the situations in many cases are extreme and sig-
nificantly different from the conditions in the test methods used when determining 
values, for example,  ′′qcr

. Therefore, much care must be taken when applying these 
values to a real tunnel fire situation. However, the table values presented in this 
chapter together with the presented equations can give information on important 
influencing factors and relative differences between various materials. A few fire 
spread models specifically developed for tunnels or vehicles are also presented.

It is also shown that ordinary cargo can be hazardous in tunnels, both due to fast 
developing and high HRR fire and due to the high risk for fire spread. The involve-
ment of more than one HGV in a fire significantly increases the risk for severe 
outcomes, for example, fatalities. This emphasizes the importance of fire spread in 
tunnels and the effect on the fire development, possibilities for the fire and rescue 
services to fight the fire and on the final outcome of the fire.
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Chapter 12
Smoke Stratification
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Abstract The phenomena and formation mechanisms of smoke stratification and 
engineering solutions to estimate smoke stratification in tunnel fires are described. 
Smoke stratification is an important issue for evacuation and fire fighting in tunnel 
fires. Smoke released from a fire contains some hazardous combustion products. 
If the smoke stratification in a tunnel section dissolves, tunnel users in this region 
could be in great danger. In no ventilation or very low ventilation conditions, smoke 
exists on both sides of the fire, and good stratification could exist at the early stages 
but generally not after the fire becomes larger. For a ventilation velocity slightly 
lower than the critical velocity, smoke backlayering and good stratification exist 
upstream of the fire, however, the smoke stratification downstream becomes worse. 
Under high ventilation rates, all the smoke flows towards the downstream side and 
stratification is difficult to maintain even at a short distance downstream. The the-
ory of the smoke movement along the tunnel is introduced. An empirical model of 
smoke stratification in tunnels with longitudinal ventilation is also presented.

Keywords Stratification · Ventilation velocity · Entrainment · Smoke layer height · 
Smoke backlayering · Simple model · Froude number

12.1  Introduction

Smoke stratification is dependent on the longitudinal ventilation velocity and the 
buoyancy forces created by the fire. Due to the buoyancy forces, the hot smoke 
flows upward and occupies the upper region of a tunnel cross section. Therefore, a 
clear stratification may exist in some cases.

Smoke released from a fire is a combination of combustion products and air. 
The four factors affecting tenable conditions are asphyxiant fire gases, irritant fire 
gases, heat, and visual obscuration. More detailed information on these parameters 
is given in Chaps. 14 and 15. All of these factors are intimately related to smoke, 
with the exception of flame radiation in the vicinity of a fire source. In the early 
stages of a fire the heat could be a minor problem, but high concentrations of some 
combustion products such as carbon monoxide and other toxic gases could easily 
cause deaths. In any case, after the smoke descends to the head height of the tunnel 
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users, people inside the region will be in great danger. In engineering applications in 
building fires, maintaining the smoke layer height above head height is a key task. 
In tunnel fires, this issue is even more important due to the limited possibilities for 
evacuation and often unfamiliar surroundings for the users.

The phenomena and formation mechanisms of smoke stratification are described, 
and engineering solutions to estimate the smoke stratification in tunnel fires are pre-
sented in the following sections.

12.2  Phenomenon of Smoke Stratification

In tunnel fires, the characteristics of the smoke spread are highly dependent on the 
air velocity inside the tunnel, especially in the vicinity of the fire site. In order to 
illustrate this, we can identify three typical air velocity ranges (groups):

• low or no forced air velocity (0–1 m/s),
• moderate forced air velocity (1–3 m/s), and
• high forced air velocity (> 3 m/s).

Note that the values of 1 and 3 m/s inside the parentheses are only approximate 
values. Specifically, 3 m/s is an estimate of the critical velocity under which no 
backlayering exists. The critical velocity in tunnel fires is defined as the minimum 
longitudinal ventilation velocity required to prevent any backlayering of smoke. 
The concept of critical velocity is discussed thoroughly in Chap. 13. The critical 
velocity in a tunnel fire could in reality be greater than 3 m/s for a large fire or less 
than this value for a small fire.

In the first group (low air velocity) the stratification of the smoke is usually high 
in the vicinity of the fire source. Tunnels with natural ventilation normally fall into 
this group. The backlayering length of the smoke is relatively long and in some 
cases the smoke travels nearly uniformly in both directions, see Fig. 12.1. When 
the velocity increases and is close to about 1 m/s the smoke upstream of the fire is 
inhibited by the ventilation and prevented from further spreading, and the length of 
this backlayering smoke layer from the fire site could be of the order of 25 times the 
tunnel height, see Fig. 12.2. The estimation of the backlayering length can be found 
in Chap. 13 on tunnel fire ventilation, and is therefore not discussed further here.

Fig. 12.1  A sketch showing the smoke stratification in a tunnel with a very low air velocity, typi-
cally 0–0.5 m/s for group 1
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In the second group (moderate flow) the stratification in the vicinity of the fire is 
strongly affected by the air velocity, especially at the higher velocities. Tunnels with 
natural ventilation or forced ventilation can reside in this group. The backlayering 
length could vary from 0 up to around 25 times the tunnel height, see Fig. 12.3.

In the third group (high flow velocity) the stratification of the smoke downstream 
usually disappears and no backlayering exists upstream of the fire, see Fig. 12.4. 
This group generally corresponds to tunnels with forced ventilation [13].

The stratification downstream from the fire is a result of the mixing process be-
tween the cold air stream and the hot plume created by the fire. The phenomenon is 
three-dimensional in the region close to the fire plume. The principal pathways of 
the two flows are indicated in Fig. 12.5. The gravitational forces tend to suppress 
turbulent mixing between the two flows having different densities.

This explains why it is possible for cold unreacted air to bypass the fire plume 
without mixing, even though the flow is turbulent. The longitudinal dimension of 

Fig. 12.4  A sketch showing a typical smoke stratification for group 3, i.e. a flow velocity larger 
than the critical flow velocity, uc

 

Fig. 12.3  A sketch showing a typical smoke stratification for group 2

 

Fig. 12.2  A sketch showing the smoke stratification with a flow velocity of 1 m/s
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the fuel involved in the fire may therefore, play an important role for the mixing 
process between the longitudinal flow and the fuel vapours generated by the fire.

12.3  Mechanism of Smoke Stratification

Stratification is a common phenomenon, for example, floating oil on water. Hot 
smoke flows have lower density which produces a pressure difference between the 
hot gas and ambient air, that is, thermal pressure. Due to the thermal pressure or 
buoyancy force, the hot smoke flows upward, impinges on the tunnel ceiling, and 
then flows along the tunnel ceiling longitudinally. As the smoke travels along the 
ceiling, the smoke temperature decreases rapidly with distance mainly due to heat 
loss to the tunnel structure. This indicates that the thermal pressure also decreases 
with distance. Therefore, smoke stratification becomes more and more difficult to 
maintain as the distance from the fire increases.

Inertia forces also play a role in formation of stratification. Consider a cold air 
jet beneath the tunnel ceiling at ambient temperature. There will be no heat transfer 
between the air jet and the homogenous environment. However, as the distance 
from the injection outlet increases, the air jet continually entrains air from the layer 
beneath and the thickness of the layer increases gradually. This suggests that the 
inertia forces tend to destroy the stratification of the layer.

This means that the thermal pressure tends to maintain the smoke stratification 
but the inertia force tends to destroy the smoke stratification. A nondimensional 
parameter to describe the balance between these two forces is the global Richardson 
number, Ri, defined as:

 (12.1)
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Fig. 12.5  The principal flow pathways in the vicinity of a fire plume [13]
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where ρ is the hot gas density (kg/m3), Δρ is the density difference (kg/m3), g is the 
gravitational acceleration (m/s2), h is the layer thickness (m), and Δu is the gas ve-
locity difference between the layers (m/s). The characteristic depth, h, in fact should 
be the depth of the mixing layer, however, for smoke flow beneath the ceiling it is 
reasonable to use the layer thickness instead. It can be expected that as the Richard-
son number increases, the smoke stratification becomes more stable.

12.3.1  Entrainment

An important phenomenon observed in density stratified flows is the entrainment 
between the layers. For upperlayer smoke flows in tunnel fires, it can be expected 
that the entrainment of air flows into the upper smoke layer is mainly due to turbu-
lent mixing between the two layers, that is, the entrained air is mainly carried by the 
large vortices produced by turbulence.

The entrainment coefficient based on the mixing theory is introduced in the fol-
lowing set of equations. By applying mixing length turbulent theory [1] to the mix-
ing layer between the hot smoke layer and the lower layer, it is known that the 
turbulent mixing velocity, ut (m/s), can be expressed as:

 (12.2)

where C is a proportionality constant, lm is the mixing length (m) and z is the vertical 
distance (m). The entrainment velocity, ve, can be expected to approximate the tur-
bulent mixing velocity. Further, given that the mixing length is proportional to the 
thickness of mixing layer, that is, lm = 0.07 δ [1], the entrainment velocity, ue (m/s), 
can be expressed as follows:

 (12.3)

The entrainment coefficient, β, can therefore be expressed as:

 (12.4)

The entrainment coefficient has been extensively investigated in different scenarios 
in the last several decades. The entrainment coefficient for isothermal jet flows is 
close to constant, however, for density stratified flows, buoyancy affects the en-
trainment. The entrainment coefficient for the stratified layer has been found to be 
a function of the Richardson number, Ri.

There is a large amount of research on the entrainment of stratified layers in the 
field of fluid dynamics.

Ellison and Turner [2] carried out a classic study on mixing between a turbulent 
fluid and a stationary fluid and correlated the entrainment coefficient β with the 
Richardson number in the following relationship:

 (12.5)
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where α1 could be considered as the entrainment coefficient for vertical fire plumes 
and α2 is a correction coefficient. Alpert [3] found that the above equation with α2 = 3.9 
is a good fit to Ellison and Turner’s [2] data, that is, the expression can be [4, 5]:

 (12.6)
Based on a numerical study and a comparison with test data, Alpert [3] proposed 
alternative equations for the entrainment coefficient:

 (12.7)
and in the form of distance:

 (12.8)
You and Faeth [4] carried out a numerical study of ceiling fire plumes and compared 
numerical results to their test data. The equation for entrainment has the same form 
as Ellison and Turner’s [2] but with different coefficients. They found that the fol-
lowing equation best test results best for weak plume [4]:

 (12.9)

Ding and Quintiere [6] pointed out that the density ratio also needed to be accounted 
for and corrected Alpert’s equation [3] to:

 (12.10)

where ρo is the density of the gas in the lower layer and ρ is the smoke density.
The equations presented above are basically of the same form as proposed by 

Ellison and Turner [2]. However, the expression proposed by Ellison and Turner 
[2] is only valid for Ri < 0.8 [7]. Further, nearly all the equations presented above 
date back to Ellison and Turner’s [2] liquid experiments. For entrainment into hot 
smoke flows, especially into flame flows, the validity of these equations must be 
confirmed. According to Fernando [7], for intermediate Richardson numbers rang-
ing from 0.1 to 10, the entrainment law was proposed to be β ~ Ri −1 and within this 
range the Kelvin–Helmholtz instabilities are active.

Wilkinson and Wood [2] investigated the possible density jump in density strati-
fied flows and related it to a critical Froude number below which entrainment will 
not occur, based on which Delichatsios [8] analyzed smoke flow under a beamed 
ceiling. However, according to Kunsch’s study on smoke movement in tunnel fires 
[9], no density jump occurred in the tunnel fire cases that were studied, although 
further study was recommended. Fernando [7] conducted a systematic review of 
turbulent mixing in stratified flows. The analysis showed that for a Richardson 
number ranging from 0 to 100, the entrainment coefficient ranged from 10–1 to 10–5 
This appears to be contrary to the definition of density jump. It could be interpreted 
that, as the Richardson number increases to a certain number the entrainment will 
decrease to a very low level which could be ignored.

For smoke flows in tunnel fires, the smoke flow could be very different from the 
ceiling flow in the open or in a short corridor due to the confinement of the tunnel 
geometry and ventilation. The entrainment in these scenarios needs to be further 
investigated.

0.12exp( 3.9Ri)β = −

0.075exp( 5Ri)β = −

0.12[1 exp( 0.6 / )H xβ = − −

0.14exp( 1.5Ri)β = −

0.075 / exp( 5Ri)oβ ρ ρ= −
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12.3.2  Smoke Layer Height

Although this chapter discusses smoke stratification in tunnel fires, the variance of 
smoke layer height along the tunnel is more meaningful. In tunnel fires, the smoke 
released from a fire impinges on the ceiling and then flows along the ceiling, and 
the depth of smoke flow generally increases with distance from the fire. In reality, 
the descent of the smoke layer is the outcome of a combination of mass entrainment, 
momentum loss, and heat transfer.

The profile of gas velocity and density for smoke flows is complicated and could 
differ from one location to another. For simplicity, top hat profiles are assumed for 
these parameters. For smoke flow in a tunnel with natural ventilation, the time-
resolved differential controlling equations for mass, momentum, and energy can 
approximately be expressed as:

Mass:

 (12.11)

Momentum:

 (12.12)

Energy:

 
(12.13)

where A is the cross sectional area of smoke flow (m2), t is the time (s), x is a dis-
tance along the tunnel length axis (m), h is the smoke layer depth (m), ht is the total 
heat transfer coefficient (kW/(m2 K)), wp is the wet perimeter of the smoke layer 
(m), Cf is the skin friction coefficient, Tw is the wall temperature (K).

It is evident from the momentum equation that the definition of the Richardson 
number in fact is the ratio of buoyancy to momentum in a steady state. The control-
ling equations imply that besides the initial conditions, the three factors that affect 
the smoke layer height are heat transfer, wall friction, and entrainment. Note that 
the influence of heat transfer and momentum on stratification has been discussed 
previously and integrated into a global Richardson number.

For a steady smoke flow, the mass flow rate along the tunnel, m  (kg/s), can be 
approximated using:

 (12.14)

where uo is the air velocity at lower layer (m/s) and β is the entrainment coefficient 
between the layers.

As a rough approximation, the entrainment coefficient could be assumed to be 
around 0.01 based on the equations presented previously and the resulting mass 
flow should be conservative.
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The tunnel length is an influencing factor, especially after the smoke front reach-
es the exit.

The smoke layer depth at a position x m from the fire before the smoke descends 
to the floor level can be estimated using:

 (12.15)

where ΔT is smoke excess gas temperature (K).
The smoke layer height can be expressed as:

 (12.16)

Note that the tunnel height is the upper limit for the smoke layer depth.
The initial conditions of the ceiling jets must be known, however, there is a lack 

of this knowledge for tunnel fires, especially for large fires in longitudinal venti-
lated tunnels. Further, in a tunnel fire with longitudinal ventilation, the controlling 
equations become more complicated. Moreover, as mentioned in the previous sec-
tion, the validity of the entrainment equations needs to be confirmed in such an 
environment before any practical use.

Therefore, the purpose of this section is mainly to improve understanding of the 
mechanisms of smoke stratification and smoke layer height. Further research on this 
topic is needed.

12.4  Simple Model of Smoke Stratification in Tunnels

Although the theoretical model and the related key parameters have been discussed 
in the previous section, the solution is complex and some of the key parameters 
required for the solution cannot be accurately estimated.

As an alternative, a simple model is presented in this section for estimation of 
smoke stratification in tunnels according to Newman [10] and Nyman and Ingas-
on’s work [11].

Newman [10] has shown, for duct fires, that there is a correlation between the 
local temperature stratification and the local mass concentration of chemical com-
pounds. Further, Ingason and Persson [12] have shown that there is a correlation 
between local smoke optical density (or visibility) and the local density (or tem-
perature) and the oxygen concentration in tunnels. Therefore, it is reasonable to 
assume that there is a correlation between the local temperature stratification as 
given by Newman and the gaseous composition (CO, CO2, O2 etc) and smoke 
stratification in tunnels. The temperature stratification is not only related to the 
air velocity but also to the heat release rate (HRR) and the tunnel height. These 
parameters can be related through the local Froude number ( Fr) or Richardson 
number ( Ri).
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Newman [10] presented a very simple method to identify three distinct regions 
of smoke stratification in terms of a specific Froude number, Fr, which is defined 
as follows:

 (12.17)

where H is the tunnel height (m), Tavg, the average gas temperature over the entire 
cross-section at a given position (K), ΔTcf = Tc−Tf, gas temperature difference be-
tween ceiling and floor (K) and uavg = uTavg/Ta (m/s). The average temperature at a 
specific location can be estimated using the one dimensional equations proposed in 
Chap. 8, Sect. 8.6, on gas temperatures. The definition of the Froude number has 
a similar physical meaning to the Richardson number defined previously: both of 
them correlate buoyancy force with inertia force somehow, but in an inverse way 
to each other.

A sketch of the temperature stratification regions is shown in Fig. 12.6. The 
vertical temperature profile varies significantly from Region I to Region III. New-
man’s classification for smoke stratification [10] is described in the following. In 
the first region (Region I), when Fr ≤ 0.9, there is severe stratification in which hot 
combustion products travel along the ceiling. For Region I, the gas temperature near 
the floor is essentially ambient. This region consists of buoyancy dominated tem-
perature stratification. The second region (Region II) 0.9 ≤ Fr ≤ 10 is dominated by 
strong interaction between imposed horizontal flow and buoyancy forces. Although 
not severely stratified or layered, it has vertical temperature gradients and is mixing 
controlled. In other words, there is significant interaction between the ventilation 
velocity and the fire-induced buoyancy. The third region (Region III), Fr > 10, has 
insignificant vertical temperature gradients and consequently insignificant stratifi-
cation.

Newman [10] also established correlations for the excess temperatures near the 
ceiling at 0.88 × H (ceiling) and temperatures near the floor at 0.12 × H (floor) for 
the different regions of stratification, which are based on a weighted average of the 
gas temperature ( Tavg) and the gas velocity ( uavg) over the entire cross section. He 
postulated that these correlations could be used for various applications, such as 
in assessing flame spread and detector response. These correlations have not been 
tested for tunnel fires and are therefore not presented here. The majority of the tests 
used to identify these stratification regions were performed in a large scale (rectan-
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Fig. 12.6  A sketch of three stratification regions after Ingason [13]
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gular) duct measuring 2.4 m wide ( B), 2.4 m high ( H), and 47.6 m long ( L) with 
Dh/L = 19.8 m, where Dh is the hydraulic diameter. The hydraulic diameter is defined 
as 4A P/  where A is the cross sectional area (m2) and P is the perimeter (m).

To estimate the smoke stratification according to the Froude number defined 
above, the temperature difference between the ceiling and floor must be known. 
Nyman and Ingason [11] investigated Newman’s temperature correlations based on 
a large amount of data from small- and large-scale tunnel fire tests. It was concluded 
that Newman’s equation for ceiling temperatures did not fit the large-scale data, and 
a new equation in Region II was proposed for estimation of the temperature differ-
ence between the ceiling and floor, ΔTcf (K), which can be expressed as:

 
(12.18)

The average temperature and average gags velocity in the above equation can be es-
timated using Eqs. (8.45) and (8.48). Afterward, the temperature difference between 
the ceiling and floor can be estimated using Eq. (12.18). The calculated values can 
thereafter be used to calculate the Froude number by Eq. (12.17) and then the smoke 
stratification can be estimated for any specific location downstream of a fire.

It should be kept in mind that there is no clear distinction between Region II and 
Region III. A Froude number of 10 and ratio of ΔTcf /ΔTavg of 0.1 is used by Newman 
[10] as an approximation. However, if the work done by Nyman and Ingason [11] is 
applied here and the same criteria of ΔTcf /ΔTavg = 0.1 is used, the value of the Froude 
number at the Region II–III interface can then be determined as 3.2, compared to a 
value of 10 proposed by Newman. In general, the Froude number of 3.2 should be a 
more reasonable value for the interface between Region II and Region III in tunnel 
applications.

Therefore, the first region (Region I) corresponds to Fr ≤ 0.9, results in severe 
stratification. Region II corresponds to 0.9 ≤ Fr ≤ 3.2 where strong interaction be-
tween imposed horizontal flow and buoyancy forces exists. Region III corresponds 
to Fr > 3.2 where smoke stratification is insignificant. For practical use, the calcu-
lated Froude number should be less than 0.9 to ensure severe stratification, that is,

 (12.19)
Further, it should be kept in mind that the gas temperature equations proposed in 
this section are purely empirical without any physical meaning, which, therefore, 
cannot be used in estimation of ceiling gas temperatures and instead should be used 
only for estimation of the Froude number.

Example 12.1
What is the stratification region after 10 min (600 s) at x = 150 m from the fire lo-
cation? The longitudinal ventilation is 2 m/s, ambient temperature To = 20 °C, the 
tunnel geometry is H = 6 m and W = 9 and the fire grows linearly and reaches a peak 
HRR of 120 MW after 10 min.

Solution: First the simple method proposed in Sect. 8.6 to correct the time is applied 
here, that is, τ = t−x/uo = 600−150/2 = 525 s, which means ( ) 105 Q MWτ = . Thus, 
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By using Eq. (8.46), the average temperature at x = 0 becomes: Tavg(x = 0,τ) = 560 °C 
where ma

 = 1.2 × 2 × 6 × 9 = 130 kg/s. The reader must note that the corresponding 
ceiling temperature may be much higher than 560 °C (~ 1000 °C), but since this is an 
average bulk temperature used as input for determine the Fr number it is acceptable. 
The average temperature 150 m from the fire at time t = 600 s can be  calculated us-
ing Eq. (8.45): Tavg (x = 150, t = 600 s) = 247 °C where h = 0.025 kW/(m2 K), P = 30 m, 
x = 150 m, ma

 = 130 kg/s, To = 20 °C and cp = 1 kJ/(kg K). The temperature difference 
is ΔTcf = 123 °C by Eq. (12.18). Thus, the Froude number can be determined using 
Eq. (12.17), that is, Fr = 3.4 > 3.2. This corresponds to Region III, that is, smoke 
stratification is insignificant. It could be expected that at this moment the whole 
tunnel is full of smoke and evacuation here is very difficult.

12.5  Summary

Smoke stratification is an important phenomenon for evacuation and fire fighting in 
tunnel fires. Smoke released from a fire contains some deadly combustion products. 
If smoke stratification disappears, people in the region could be in great danger.

The phenomenon of smoke stratification in a tunnel fire is illustrated. Under no 
ventilation or very low ventilation, smoke exists on both sides of the fire, and good 
stratification could exist at the early stages but generally not after the fire becomes 
larger. For a ventilation velocity slightly lower than the critical velocity, smoke 
backlayering and good stratification exist upstream of the fire. However, the smoke 
stratification downstream becomes worse. Under high ventilation, all smoke flows 
toward downstream and stratification is difficult to maintain even at a short distance 
downstream of the fire.

The mechanism of the smoke stratification is closely related to the global Rich-
ardson number, which indicates the stability of the smoke layer. Entrainment is a 
key mechanism that causes the descent of the smoke layer. The entrainment velocity 
is proportional to the velocity difference between layers.

The time-resolved controlling equation for smoke movement is proposed. From 
the controlling equations, it is known that besides the initial conditions, the three 
factors that affect the smoke layer height are heat transfer, wall friction, and en-
trainment. At present, there is a lack of knowledge on initial conditions for ceiling 
jets and the applicability of the entrainment equations, especially for large fires in 
longitudinal ventilated tunnels. Further, in a tunnel fire with longitudinal ventila-
tion, the controlling equations become more complicated. Moreover, as mentioned 
in the previous section, the validity of the entrainment equations must be confirmed 
in such an environment before practical use.

A simple model of smoke stratification in tunnels is described in Sect. 12.4 
which could be used for estimation of smoke stratification in tunnels with longitu-
dinal ventilation.
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Chapter 13
Tunnel Fire Ventilation
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Abstract Ventilation is the most common measure to mitigate the effect of fire 
and smoke in a tunnel. Various normal ventilation systems for removal of heat and 
contaminants from the tunnels are introduced at first. In case of a tunnel fire, fire 
ventilation systems are required to control smoke flows and create paths for evacu-
ation and firefighting. The fire ventilation systems used in tunnels mainly include 
longitudinal ventilation systems and smoke extraction ventilation systems, which 
are discussed in great detail in this chapter. Two key parameters for tunnels with 
longitudinal ventilation, that is, critical velocity and back-layering length are inves-
tigated in full details. For smoke extraction systems, sufficient fresh air flows are 
required to be supplied from both sides to prevent further smoke spread. Further, 
fire ventilation systems in tunnel cross-passages and rescue stations are discussed. 
A simple model of longitudinal flows is introduced for calculation of longitudinal 
ventilation velocity in a tunnel fire.

Keywords Normal ventilation · Fire ventilation · Longitudinal ventilation · Smoke 
extraction · Critical velocity · Back-layering length · Cross-passage · Rescue station · 
Ventilation flows

13.1  Introduction

Ventilation in tunnels has a history as long as one hundred years with different ven-
tilation systems being developed during different periods.

The original aim of mechanical tunnel ventilation was to cope with the con-
taminant produced by vehicles, such as diesel locomotives and the full transverse 
ventilation systems were therefore developed. Later, to reduce the cost, semi trans-
verse ventilation systems were developed. In the 1980s, the longitudinal ventilation 
systems were developed and started to be widely used all over the world due to their 
relatively simple mechanism and low cost.

Fire safety in tunnels was not in focus, however, in the past few decades many 
catastrophic tunnel fire accidents have occurred and attracted much attention from 
the public, and accordingly many regulations have been built to cope with fire safety 
issues in tunnels. Different fire ventilation systems have been developed and used 
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as one of the major measures to mitigate the effect of fire and smoke in tunnels. This 
will be discussed in detail after the introduction of “normal” ventilation systems.

13.2  Normal Ventilation

Under normal conditions, the vehicles passing through the tunnels introduce a large 
amount of contaminants, dust and heat, which are harmful to tunnel users, tunnel 
equipments, and vehicle devices themselves. Therefore, normal ventilation systems 
are designed to reduce the concentration of contaminants and dust, and/or remove 
heat from the tunnels under normal operation. In road tunnels and in rail tunnels 
with diesel locomotives running inside, the main concern of normal ventilation is 
the contaminants and dust caused by the vehicles. However, in modern railway or 
metro tunnels with high speed electric locomotives running inside, the key objec-
tive of the ventilation design has shifted to taking away the heat produced by the 
locomotives.

The normal ventilation systems can be divided into two types: natural ventilation 
and mechanical ventilation systems.

For road tunnels with high traffic flows or for railway tunnels with high speed 
trains, the piston effect could produce a high enough air flow to remove the heat and 
reduce the concentration of contaminants and dust and therefore, mechanical ven-
tilation systems could not be necessary under normal ventilation. Further, for very 
short tunnels or tunnels with many large shafts, the mechanical ventilation systems 
may not be required under normal ventilation. These types of ventilation systems 
without mechanical fans are called natural ventilation systems.

However, mechanical ventilation systems generally need to be installed in long 
tunnels to take away contaminants and heat from vehicles or other equipments. Clear-
ly, mechanical ventilation systems are robust, and are not as dependent on the envi-
ronments as natural ventilation systems do. Therefore, they are much more widely 
used as tunnel ventilation systems. Typical mechanical ventilation systems include 
longitudinal ventilation systems, transverse ventilation systems, semi-transverse sys-
tems and combined ventilation systems, which will be discussed in detail below.

13.2.1  Longitudinal Ventilation

In a longitudinal ventilation system, the jet fans and/or normal fans are used to cre-
ate a longitudinal flow to remove the contaminants, dust and heat.

Jet fans are widely used in tunnels with longitudinal ventilation due to the 
relatively low cost and simple installation, especially in very long tunnels where 
construction of shafts or other ventilation tubes is difficult and not cost-effective. 
Figure 13.1 shows a schematic drawing of a longitudinal ventilation system solely 
consisting of jet fans. The jet fans are mainly located at the portals of a tunnel, 
below the ceiling or attached to the side walls. Generally two or three jet fans form 
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a group. The spacing between two groups is approximately 100 m, depending on the 
characteristics of the jet fans and the tunnel geometry.

Saccardo nozzles at the entry portals could also be used to produce longitudinal 
flows, see Fig. 13.2. Large fans are installed in the nozzle to introduce fresh air 
flows to the tunnel through the nozzle. However, a Saccardo nozzle only produces 
a limited pressure rise and therefore, this method is only suitable for short tunnels 
unless it is installed together with other ventilation equipments, such as jet fans (see 
Fig. 13.2).

In a tunnel with longitudinal ventilation, the contaminants released from vehicles 
or other equipment are not eliminated but only transported by the longitudinal flow. 
Therefore, the contaminant concentrations increase with the distance from the entry 
portal and generally the heat also follows this trend. This suggests a practical limit 
for the length of a tunnel equipped with a longitudinal ventilation system. In other 
words, long tunnels may not be able to use a purely longitudinal ventilation system. 
Instead, one shaft or more may need to be constructed to exhaust the contaminant 
and heat and to supply fresh air (see Fig. 13.3).

In some cases when the dust concentration is the key determining parameter in 
the environmental limits, an electrostatic precipitator could be used to eliminate 
dust particles in the air. This can be used to extend the limit for the length of a tunnel 

Fig. 13.3  A schematic diagram of longitudinal ventilation with shaft and jet fans

 

Fig. 13.2  A schematic diagram of longitudinal ventilation with Saccardo nozzle and jet fans

 

Fig. 13.1  A schematic diagram of longitudinal ventilation solely with jet fans
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equipped with a longitudinal ventilation system or reduce the cost of the ventilation 
system. However, it does not work if a gaseous contaminant concentration or heat 
is the key issue.

13.2.2  Transverse Ventilation

A transverse ventilation system suggests that the air flows are transversely trans-
ferred from supply vents into exhaust vents. Such a system consists of many vents 
positioned along the tunnel for supplying fresh air into the tunnel and exhausting 
the contaminants as shown in Figs. 13.4 and 13.5. The exhaust vents are generally 
placed at the ceiling but the supply vents could be placed either at the floor (see 
Fig. 13.5a) or at the ceiling level (see Fig. 13.5b). The ducts can be either connected 
to a shaft located between the tunnel portals or a fan room nearby a tunnel portal. 
The exhaust vents are generally placed at upper part of the tunnel cross section 
while the supply vents could be placed either in the upper or lower part, depending 
on the location of the supply duct.

a b

Fig. 13.5  A schematic diagram of transverse ventilation (Cross section)

 

Fig. 13.4  A schematic diagram of transverse ventilation (Longitudinal)
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13.2.3  Semi-transverse Ventilation

A semi-transverse ventilation system is very similar to a transverse ventilation sys-
tem. The only difference is that for a semi-transverse system, only supply vents or 
only exhaust vents are in operation. In other words, only fresh air is supplied into 
the tunnel (see Fig. 13.6a) or only contaminant air is extracted into the extraction 
duct (see Fig. 13.6b).

13.3  Longitudinal Fire Ventilation

In the following sections the ventilation systems are discussed in relation to a fire 
situation.

The normal ventilation system generally needs to be modified to the fire ventila-
tion mode. The objective of a fire ventilation system is to control smoke flow and 
mitigate the effect of fire and smoke, to aid evacuation, emergency response, and 
firefighting operations. To reduce the cost and simplify the construction of a tunnel 
structure, the fire ventilation system should, if at all possible, always be combined 
with the normal ventilation system.

The fire ventilation modes can be categorized into longitudinal ventilation, 
smoke extraction ventilation, and combined fire ventilation. Further, special con-
structions and ventilation strategies are designed to mitigate the effect of fire and 
smoke flows, such as cross-passages and rescue stations inside the tunnels. The 
longitudinal fire ventilation system is illustrated in this section and other emergency 
systems will be presented in the following sections.

a b

Fig. 13.6  A schematic diagram of semi-transverse ventilation (Cross section view)
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In case of a fire, a longitudinal ventilation system is designed to produce a lon-
gitudinal flow to create a smoke-free path upstream of the fire. Therefore, at least 
upstream of the fire, the tunnel users can escape. However, the tunnel users located 
downstream of the fire are exposed to heat and smoke flow. For road tunnels, it 
is assumed that they are able to escape out of the tunnel by driving their vehicles. 
However, the scenarios could be completely different if they get trapped in a queue 
and cannot escape by use of the vehicles. Further, in railway tunnels, the tunnel 
users downstream of the fire could either pass the fire and escape to the upstream 
side or keep running downstream to a cross-passage or to the tunnel portal. In such 
cases, the longitudinal ventilation can potentially severely worsen the situation for 
tunnel users located downstream of the fire.

However, as a longitudinal ventilation system needs no extra space for ducts, 
it provides a very cheap solution for tunnel ventilation and is, therefore, attractive 
despite its limitations as a tunnel fire ventilation system. This is the main reason 
why the longitudinal ventilation is becoming more and more widespread nowadays. 
Note that in some tunnels with large slopes, natural ventilation could even produce 
air flows with air velocity greater than the critical velocity in case of a fire, and 
therefore, no mechanical fans would be required (Fig. 13.7).

The two most important parameters for a tunnel with longitudinal ventilation are 
the critical velocity and the back-layering length, which are discussed in detail in 
the following sections.

13.3.1  Critical Velocity

The critical velocity is defined as the minimum longitudinal ventilation velocity to 
prevent reverse flow of smoke from a fire in the tunnel (see Fig. 13.8). The prob-
lems of critical velocity and back-layering are important design parameters that 
have been investigated by many researchers [1–7].

Fig. 13.8  A diagram of critical velocity in a tunnel fire

 

Fig. 13.7  Fire ventilation in a tunnel with longitudinal ventilation
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There are mainly two types of models to estimate the critical velocity, that is, the 
critical Froude model and the nondimensional model, which will be discussed in the 
following in sequence.

13.3.1.1  Critical Froude Model

Thomas [1, 2] proposed that the velocity head of fresh air flow should be compa-
rable or greater than the buoyancy head of smoke flow in order to prevent back-
layering, and defined a critical Froude number, Frc, which could be expressed as 
follows:

 (13.1)

where Δρ is the density difference (kg/m3), g is the gravitational acceleration (m/
s2), H is the tunnel height (m), ρo is the ambient density (kg/m3), uc is the critical 
velocity (m/s). Thomas [1, 2] suggested that the smoke backflow disappears as the 
critical Froude Number approaches 1. The proposed equation to predict the critical 
velocity was expressed as follows:

 (13.2)

where Q  is the total heat release rate (HRR) (kW), cp is the heat of capacity (kJ/
(kg K)), Tf is the average downstream temperature (K), and A is the tunnel cross-
sectional area (m2).

Danziger and Kennedy [3, 4] argued that based on Lee et al.’s experiments [8], 
the critical Froude Number varied over a range of 4.5–6.7 and thus a critical Froude 
Number of 4.5 was recommended. Further, the convective HRR should be used in 
the equation rather than the total HRR. The equation including the critical Froude 
number can be expressed as:

 (13.3)

where the average downstream temperature is expressed as:

In the above equation, Qc
 is the convective HRR (around 60–80 % of total HRR) 

and To is the ambient temperature (fresh air temperature).
However, note that Eq. (13.3) is the same as Thomas’ equation with the excep-

tion that the critical Froude number is explicitly embedded and the convective HRR 
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is used. Further, only several data points from Lee et al.’s experiments with long 
ceiling flame lengths [8] were used in determining the critical Froude number.

According to Li et al.’s work [7], the critical Froude number is approximately a 
constant of 1.15 for small fires but varies significantly with the HRR for larger fires, 
with a value of around 4.5 for a very large tunnel fire.

Note that in Lee et al.’s experiments [8], only very large fires with long ceiling 
flame lengths were tested, and the Froude number of 4.5 also corresponds to a very 
large fire, with a dimensionless HRR of around 1.0. Using the data from Lee et al.’s 
tests we can obtain a dimensionless critical velocity of 0.43, which correlates very 
well with Li et al.’s work [7]. In other words, the critical value of 4.5 concluded by 
Kennedy [4] is not suitable for the entire range of fires, but only an approximation 
for some large tunnel fires.

In summary, a constant critical Froude number does not exist, and thus the crit-
ical Froude number is not a reasonable way to estimate the critical velocity for 
smoke control in longitudinally ventilated tunnel fires although it has been widely 
used historically.

Example 13.1 Calculate the critical velocity using Danziger and Kennedy’s equa-
tion, that is Eq. (13.3), for a 5 MW car fire and a 30 MW bus fire, respectively, in a 
6 m high and 10 m wide tunnel. The ambient temperature is 20 °C. Assume that the 
fraction of convective part in the HRR is 70 % and the ambient temperature is 20 °C.

Solution: In each case, an iteration procedure is generally required to obtain an 
exact solution of the critical velocity using Eq. (13.3).

1. Firstly we assume that the critical velocity is 1.5 m/s and then the average 
gas temperature can be calculated: Tf = 0.7 × 5000/(1.2 × 1 × 6 × 10 × 2.5) + 
273 + 20 = 325 K. The critical velocity is estimated using Eq. (13.3), that is, 
uc = [9.8 × 0.7 × 5000 × 6/(1.2 × 1 × 410 × 6 × 9 × 4.5)]1/3 = 1.25 m/s. This indi-
cates the guessed value of 1.5 m/s is too high, and thus we should reduce it and 
recalculate the critical velocity. Repeat the process until the difference between 
guessed and calculated values are closely the same. The solution in this case is 
approximately 1.24 m/s.

2. Firstly we assume the critical velocity as 2.5 m/s and then the average gas 
temperature can be calculated: Tf = 0.7 × 30000/(1.2 × 1 × 6 × 10 × 2.5) + 2
73 + 20 = 410 K. The critical velocity is estimated using Eq. (13.3), that is, 
uc = [9.8 × 0.7 × 30000 × 6/(1.2 × 1 × 410 × 6 × 9 × 4.5]1/3 = 2.1 m/s. It can be con-
cluded that the guessed value of 2.5 m/s is too high. Reduce it and repeat the 
process. The solution in this case is approximately 2.06 m/s.

In reality, Danziger and Kennedy’s equation is not recommended for use in estima-
tion of the critical velocity. The reason why this example is given here is to make a 
comparison with other equations which will be further discussed in Example 13.2.
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13.3.1.2  Non-dimensional Model

Oka and Atkinson [5] carried out a series of model-scale experiments to examine 
the relationship between the critical velocity and the HRR, taking different geom-
etries and placements of the fire source into account. A dimensionless HRR and a 
dimensionless critical velocity were defined and a piecewise function was used to 
correlate their data. They found that the critical velocity becomes independent of 
the HRR in large fires. Wu and Bakar [6] carried out a series of model-scale experi-
ments to investigate the critical velocity, accounting for varying tunnel cross sec-
tions, and correlated their results using hydraulic diameter instead of tunnel height. 
However, their test data for tunnel aspect ratio over one do not really support the 
use of the hydraulic diameter. The effect of tunnel width on critical velocity will be 
discussed later. Note that, in the above two series of experiments carried out by Oka 
and Atkinson [5] and Wu and Bakar [6], water spray devices were placed above 
the fire source to cool down the tunnel walls. This strategy is questionable due to 
the fact that the water spray significantly increases heat losses to the surroundings.

Li et al. [7] carried out experiments and theoretical analyses to investigate the 
critical velocity together with the back-layering length in tunnel fires. Two series 
of model-scale tests were carried out. Full-scale tunnel fire test data were also used 
for comparison. The results were correlated using the dimensionless HRR and the 
dimensionless critical velocity, as shown in Fig. 13.9. It can be seen that all the test 
data correlates reasonably well with the proposed equation. The critical velocity in-
creases continuously, but more slowly, as the dimensionless HRR approaches 0.15, 
and then remains almost constant, independent of the HRR. A piecewise function 
was proposed to correlate the experimental data of these two tunnels, which can be 
expressed as [7]:

Fig. 13.9  Dimensionless critical velocity vs. dimensionless HRR
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 (13.4)

where the dimensionless HRR, Q*, and the dimensionless critical velocity, uc
*, are 

defined as:

Example 13.2 Calculate the critical velocity using Li et al.’s equation, that is, 
Eq. (13.4), for a 5 MW car fire and a 30 MW bus fire, respectively, in a 6 m high 
and 10 m wide tunnel. The ambient temperature is 20 °C.

Solution:

1. At first calculate Q* / // ( . . ) .= × × × × =5000 1 2 1 293 9 8 6 0 0511 2 5 2  < 0.15, then 
use Eq. (13.4): uc

* /. . .= × =0 81 0 031 0 301 3 . For a 5 MW car fire, the critical 
velocity can be estimated: uc = × × =0 25 9 8 6 2 3. . .  m/s .

2. At first calculate Q* / // ( . . ) .= × × × × =30000 1 2 1 293 9 8 6 0 311 2 5 2  > 0.15. Accord-
ing to Eq. (13.4): uc

* .= 0 43. For a 30 MW bus fire, the critical velocity can be 
estimated: uc = × × =0 43 9 8 6 3 30. . .  m/s.

Comparing the values obtained using Li et al.’s equation (Example 13.2) to those 
obtained using Danziger and Kennedy’s equation (Example 13.1) clearly shows 
that Danziger and Kennedy’s equation gives very low critical velocities for both a 
5 MW car fire and a 30 MW bus fire. Even for the 30 MW fire in the 6 m high tun-
nel, the critical velocity calculated using Danziger and Kennedy’s equation is only 
2.06 m/s. The selection of Frc = 4.5 for all fires may explain this difference. If the 
value of Frc = 1.15 for small fires [7] is used, the corresponding velocities would 
have been 1.95 m/s for the 5 MW and 3.25 m/s for the 30 MW, which is much closer 
to the values presented in Example 13.2.

The values obtained by Eq. (13.3) are apparently too low according to full-scale 
test data for small fires. For example, in the Runehamar tunnel fire test T0, the fire 
was a 6 MW pool fire at longitudinal velocity of 2.5 m/s, however, even under these 
conditions a small range of back-layering existed [9].

13.3.1.3  Influence of Vehicle Obstruction

Li et al. [7] systematically investigated the effect of vehicle obstruction on the criti-
cal velocity. They defined a reduction ratio for the critical velocity due to vehicle 
obstruction, ε to analyze their test data, which can be expressed as [7]:
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 (13.5)

where the subscript ob indicates vehicle obstruction. The reduction ratio indicates 
how much the critical velocity is reduced due to the vehicle obstruction.

A comparison of the critical velocity in a tunnel with vehicle obstruction at 
the fire location and without vehicle obstruction is shown in Fig. 13.10. The ratio 
between the critical velocity in a tunnel with and without vehicle obstruction, is 
around 0.23, which means that the reduction ratio of the critical velocity due to the 
obstruction is 23 %. In these tests, the blockage ratio, that is, the dimension ratio 
of model vehicle to model tunnel, is approximately 0.2, or 20 % for both model 
tunnels. Consequently, the reduction ratio of critical velocity due to obstruction ap-
proximately equals the blockage ratio. In other words, the local critical velocity is 
almost the same, regardless of the vehicle obstruction. Oka and Atkinson’s test data 
[5] show a similar trend. They found that the reduction ratio of critical velocity is 
15 % when a vehicle occupies around 12 % of the tunnel cross section, and 40–45 % 
when a vehicle occupies around 32 % of the tunnel cross section. However, note 
that in their tests with a vehicle occupation of 32 % of tunnel cross section, the fire 
source was significantly raised above the floor, and the effect could be equivalent 
to lower the tunnel height, which also reduces the critical velocity. Li et al. [7] con-
cluded that as a conservative rule of thumb, the blockage ratio could be regarded 
as the reduction ratio of the critical velocity due to obstruction near the fire site, ε, 
from which the critical velocity for smoke control in an obstructed tunnel can be 
extrapolated.

The work by Li et al. [7] has further been verified by Lee and Tsai [10]. The 
obstructions were placed immediately upstream of the fire source, which also sig-
nificantly increases the local velocity across the fire source and similar results were 
obtained.
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Fig. 13.10  Effect of vehicle obstruction on critical velocity [7]
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In summary, the reduction ratio of the critical velocity due to vehicle obstruc-
tion near the fire site, ε, is approximately the same as the blockage ratio, that is, the 
dimension ratio of obstruction to tunnel.

13.3.1.4  Influence of Heat Release Rate in Large Fires

According to the above analysis, it is known that the critical velocity tends to be 
independent of the HRR for large fires. There have been many different explana-
tions for this phenomenon. The phenomenon has been verified by large-scale tunnel 
fire tests, such as the Runehamar tunnel fire tests [9] and the Memorial tunnel fire 
tests [11].

Oka and Atkinson [5] argued that for large fires, the gas temperature is constant 
and as is the buoyancy force. However, according to the work by Li and Ingason 
[12, 13], the maximum ceiling gas temperatures under the critical conditions are 
much lower than the temperatures within the continuous flame zone, which indi-
cates that the critical HRRs estimated using the constant flame temperature are 
much higher than the value obtained from the tests. Therefore, the explanation of 
constant gas temperatures is not plausible.

Wu and Bakar [6] attributed this to the appearance of an intermittent region 
where the gas velocity is constant. However, it should be kept in mind that the 
total pressure, that is, the sum of static pressure and dynamic pressure, controls 
the movement of smoke flows, rather than the gas velocity. Note that the dynamic 
pressure is not only a function of the gas velocity, but also related to the gas density.

Kunsch [14] carried out a theoretical analysis of smoke movement in a tunnel 
under no ventilation based on Alpert’s work on ceiling jets under unconfined ceil-
ings [15], and obtained a simple equation for estimation of the critical velocity. 
However, the equation predicts a very low critical HRR where the critical velocity 
starts to become independent of HRR. Further, to propose the explicit solution, the 
energy equation for weak plumes was used, which is not appropriate for large tunnel 
fires. Despite the theoretical weaknesses, the proposed equation is interesting in that 
it shows how the critical velocity varies with HRR and tunnel geometry.

It is known that the movement of smoke flows is controlled by the total pres-
sure, that is, the sum of static pressure and dynamic pressure. Therefore, the critical 
velocity should be directly related to the total pressure. It can be speculated that the 
total pressure of smoke flows close to the impingement point should be almost con-
stant for large fires. At the impingement point, part of dynamic pressure transforms 
to static pressure, and a large amount of energy is lost due to the impingement, 
especially for the part of smoke flowing to the upstream side. At present, a detailed 
understanding of ceiling smoke flow characteristics in tunnel fires is not available, 
and thus a complete theory of critical velocity cannot yet be fully developed.
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13.3.1.5  Influence of Tunnel Width

As mentioned earlier the movement of smoke is controlled by the total pressure. 
Further, both the static pressure and dynamic pressure are intimately related to the 
fire properties such as gas temperature and flow. One of the key parameter for the 
fire plume in a tunnel fire is the maximum ceiling gas temperature. According to 
Chap. 8 on gas temperature, the maximum ceiling gas temperature in a tunnel fire 
is mainly related to the effective tunnel height, HRR and ventilation velocity, and 
almost independent of the tunnel width. This could also suggest that at the im-
pingement position, the other fire properties are also independent of tunnel width, 
including the total pressure. Therefore, it can be speculated that the critical velocity 
to prevent the smoke back-layering, should also be approximately independent of 
the tunnel width.

There has been some experimental work on the influence of tunnel width on the 
critical velocity. Wu and Bakar [6] carried out a series of tests in model tunnels with 
aspect ratios (width/height) from 0.5 to 4.0. They correlated their results using the 
hydraulic diameter instead of the tunnel height. However, note that in most tunnels, 
the tunnel aspect ratio is in a range of 1–3. By analyzing their data in this range, it 
can be found that the average difference in the critical velocity is 1.0 % between the 
tunnel aspect ratio of 1 and 2 and 7.0 % between aspect ratio of 1 and 4. One may 
expect that the average difference is much lower than 7 % between the aspect ratio 
of 1 and 3, and could be around 4 %. Based on the above analysis of the test data, 
the influence of tunnel width can be ignored for most of tunnels.

Vauquelin and Wu [16] further investigated the influence of tunnel width on the 
critical velocity. The results of cold gas tests using a mixture of helium and air to 
simulate the hot gases and results from Wu and Bakar’s tests [6] were analyzed. It 
was found that in both series of tests, for aspect ratios greater than unity, it is noticed 
that the critical velocity decreases when the width increases. They also found that 
for the aspect ratio lower than one and for high enough HRRs, the critical velocity 
significantly increases with tunnel width. By analyzing their data, it can also be 
found that the difference in the critical velocity for a tunnel aspect ratio in a range 
of 1–3 is also very small.

It should be kept in mind that in Wu and Bakar’s [6] tests, the use of water sprays 
in the vicinity of the fire source could result in large error, especially when the tun-
nel is very wide, and in Vauquelin’s tests [16] the cold gas was used which could 
differ significantly from a realistic fire.

Despite this, the test data show that the critical velocities in tunnels with aspect 
ratios of 1 to 3 are almost the same, and the effect of tunnel width on the critical 
velocity can be ignored. Only when the tunnel aspect ratio is significantly lower 
than 1 or greater than 3, should the effect of tunnel width be considered. According 
to the previous theoretical analysis, the critical velocity should be approximately 
independent of tunnel width, which correlates reasonably well with the test data.
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13.3.1.6  Critical Flame Angle

Li et al. [17] carried out a theoretical and experimental study of flame angles and 
found that there exists a critical flame angle corresponding to the critical velocity 
when the back-layering just disappears, and this critical flame angle is independent 
of the HRR. The critical flame angle can be simply expressed as [17]:

 (13.6)

where kc is a coefficient, 0.42, bfo is the radius of fire source (m) and H is the tunnel 
height (m). This means that for a given tunnel and fire source, the flame angle is al-
ways of the same value in a tunnel fire, independent of the HRR. Consequently, the 
position of the maximum temperature beneath the tunnel ceiling remains the same. 
Figure 13.11 plots two series of test data [17] which clearly shows that the critical 
angle approaches a constant.

The critical flame angle is a very interesting phenomenon. It could correspond 
to a state of balance between momentums of a plume and a ventilation flow. This 
should also relate to the momentum change before and after impingement of the fire 
plume, and distribution of the flows upstream and downstream after impingement.

13.3.1.7  Short Summary

The critical velocity in a tunnel fire can be estimated using Eq. (13.4). If the tunnel 
blockage ratio due to a burning vehicle or a vehicle right upstream of the fire is of 
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Fig. 13.11  The critical flame angle in a ventilated tunnel fire [17]
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a significantly great value, the critical velocity could be multiplied by a correction 
factor, (1−ε).

13.3.2  Back-Layering Length

The back-layering length, Lb (m), is defined as the length of the smoke back-lay-
ering upstream of the fire when the ventilation velocity is lower than the critical 
velocity (see Fig. 13.12).

In a longitudinally ventilated tunnel, a fresh air flow with a velocity not lower 
than the critical velocity at the designed HRR is created to prevent smoke back-
layering, which means that the tunnel is free of smoke upstream of the fire site. 
However, smoke stratification downstream of the fire may not persist as the ventila-
tion velocity is too high. For this reason, a new term, “confinement velocity”, has 
been introduced. This is the velocity needed to prevent back-layering at a certain 
position, that is, to prevent further spreading upstream. Vauquelin and Telle [18] 
defined the “confinement velocity” as the longitudinal velocity, as induced by the 
extraction ventilation system, which is necessary to prevent smoke layer develop-
ment after the last exhaust vent has been activated. The reason for using such a 
velocity is the attempt to control back-layering and, at the same time, to preserve 
certain stratification. Limited research has been performed on the confinement ve-
locity and the back-layering length.

Thomas [1] gave a simple one dimensional theoretical analysis of the back-lay-
ering length in case of a fire in a longitudinally ventilated tunnel. He correlated the 
back-layering length with the Froude Number. Based on data of the back-layering 
length from small-scale experiments and one large-scale experiment, a correlation 
for the dimensionless back-layering length, Lb

*, that is, the ratio of back-layering 
length ( Lb) to tunnel height ( H), was proposed as follows:

 (13.7)

Vantelon et al. [19] carried out small-scale experiments in a 1.5 m long semicircular 
pipe with 0.15 m radius, and found that the ratio of back-layering length to tunnel 
height tended to vary as 0.3 power of a modified Richardson Number, which is 
defined as:
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Fig. 13.12  A schematic diagram of back-layering in a tunnel fire
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 (13.8)

However, in Vantelon’s tests, the HRRs were very small. Further, no equation was 
proposed to correlate all the test data.

Deberteix et al. [20] made detailed measurements of the back-layering length as 
well as the critical velocity in a model of the Paris metro with 0.163 m height, and 
related the back-layering length with a Richardson Number. However, according to 
their equation, the back-layering length is a negative value for a HRR of zero, which 
is not consistent with any physical laws.

Li et al. [7] carried out two series of tests in model-scale tunnels based on a 
dimensional analysis, and found that the back-layering length increases with the 
HRR for low HRRs and is nearly independent of HRR and dependent only on the 
ventilation velocity at higher HRRs. According to a dimensional analysis, the di-
mensionless back-layering length, Lb

*, was correlated with the ratio of longitudinal 
ventilation velocity to critical velocity, u**, [7]:

 (13.9)

The plot of dimensionless back-layering length against dimensionless confinement 
velocity u** for two series of model-scale tests [7] is shown in Fig. 13.13. Clearly, 
it shows that the experimental data of back-layering length can be correlated into a 
universal form, which can be expressed as [7]:

 (13.10)
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Fig. 13.13  Dimensionless confinement velocity vs. dimensionless back-layering length [7]
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It is shown that the relationship between the ratio of longitudinal ventilation veloc-
ity to critical velocity and the dimensionless back-layering length approximately 
follows an exponential relation. When the dimensionless HRR is less than 0.15, the 
back-layering length varies as one-third power of the modified Richardson number 
and is almost independent of the dimensionless HRR, that is, it depends only on the 
ventilation velocity at higher HRRs.

The dimensionless back-layering length in a tunnel fire can, therefore, be ex-
pressed as [7]:

 (13.11)

Note that the term Q*1/3/u* equals the one-third power of the modified Richardson 
Number, and Eq. (13.10) could be transformed into [7]:

 (13.12)

This suggests that when the dimensionless HRR is lower than 0.15 the dimension-
less back-layering length is indeed related to the modified Richardson number, 
however, at higher HRRs depends only on the ventilation velocity.

Li et al. [7] also investigated the effect of vehicle obstruction on the back-lay-
ering length. A very long vehicle was placed continuously along the tunnel. The 
results show that the back-layering length was reduced when the vehicle was placed 
inside the tunnel for a certain dimensionless confinement velocity. In other words, 
a small change in velocity will result in a greater change in back-layering length. 
The main reason is the enhanced heat transfer to the vehicle body which results in 
sharp decreases of gas temperature and buoyancy force, and thus the smoke front 
is arrested more easily. In reality, the blockage ratio is normally a small value and 
the vehicles upstream are generally located separately. Under these conditions, the 
effect of blockage on the back-layering length can be neglected.

Example 13.3 Calculate the back-layering length for a 30 MW bus fire in a 6 m 
high and 10 m wide tunnel at a longitudinal velocity of 2 m/s. The ambient tem-
perature is 20 °c.

Solution: At first calculate Q* = 30000/(1.2 × 1 × 293 × 9.81/2 × 65/2) = 0.31 > 0.15, 
then use Eq. (13.11): Lb

* . ln[ . / ( / . )] .= × × =18 5 0 43 2 9 8 6 9 3. The back-layering 
length can therefore be estimated: L L Hb b= = × =* . .9 3 6 55 8 m.

13.4  Smoke Extraction

Smoke extraction suggests that smoke flows (plume flow) arising from a fire are 
directly exhausted using extraction vents in the vicinity of the fire, see Fig. 13.14 
where only three vents nearby the fire are activated to extract smoke flows.
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When designing an extraction system in a tunnel, the traditional method is to 
estimate a “smoke release rate” corresponding to the maximum design fire size, and 
then use this value to determine the capacity of the extraction system. However, in 
the fire community the smoke release rate generally refers to the production rate 
of smoke particles. This production rate is related to the mass flow rate of the fuel 
in kg/s and multiplied by the yield of smoke; see Eq. (7.13) and Table 7.4. The 
extraction systems should be designed to extract all the smoke flows. However, the 
smoke flow rate is not only dependent on the HRR, but also strongly depends on the 
ventilation and geometry of the tunnel. In other words, the smoke flow rate is not 
constant. Further, the traditional method always tries to avoid plugholing, that is, 
the smoke flows is extracted slowly in order to improve the efficiency, rather than 
efficiently to control the smoke flows. Ingason and Li [21] have shown that in order 
to efficiently control the smoke flow, that is, confine the smoke between the vents 
and the fire source, an extraction ventilation system must be powerful enough to 
create longitudinal flows from both sides. Otherwise the smoke flow will continu-
ally travel along the ceiling until finally the smoke front is trapped by the incoming 
flows, which could results in high risk of fire spread in a large tunnel fire.

The smoke extraction systems can be categorized into single point extraction 
system, two point extraction system, three points extraction system, etc., by the 
number of opened extraction vents during a fire. The configurations of these sys-
tems are different. However, the concept is essentially the same that incoming air 
flows with sufficiently large ventilation velocity should be supplied from both sides 
of these systems to successfully prevent smoke from spreading further [21]. Unfor-
tunately in most practical applications, the main objective is only to partly remove 
the smoke flow. Therefore, the extraction capacity and the cost are significantly 
reduced. As the smoke flow cannot be completely controlled within a small region 
between vents and the fire source, it spreads to a much larger region. In the follow-
ing, we focus on a discussion of how to completely control the smoke flow within a 
small region between vents and the fire source.

In a tunnel with a semi-transverse ventilation system or a transverse ventilation 
system as normal ventilation systems, the normal ventilation systems could be eas-
ily changed to smoke extraction systems, although the exhaust capacity generally 
needs to be raised. For a tunnel with a transverse ventilation system under normal 
ventilation, both vents can be designed to extract the smoke flow if possible, that 
is, by keeping the exhaust fans running and reversing the supply fans. However, 
in case that the supply vents are placed at floor level, these supply vents should 
not be used to extract the smoke flows or else the smoke layer will be destroyed 

Fig. 13.14  Fire ventilation in a tunnel with point extraction ventilation

 



35113.4  Smoke Extraction 

immediately, instead they should be closed to avoid the supply of too much oxygen 
to the fire site and to increase the efficiency of the smoke extraction system. For a 
tunnel with a semi-transverse ventilation system, if the vents are placed at the upper 
level of a tunnel cross-section, the vents nearby the fire site can be used to extract 
smoke flows.

A smoke extraction system needs to be operated with the assistance of a manual 
or an automatic fire detection system. In case of a fire, the location of the fire is 
determined by the fire detection system and then the extraction vent or vents nearby 
the fire site can be opened to extract smoke flows. The number of open vents will 
then depend on the fire size and the designed volume flow rate for each vent. Mean-
while, the other vents should remain closed, see Fig. 13.14.

In operation, other ventilation equipments, such as jet fans installed beneath 
the ceiling, may need to be operated together with the point extraction systems to 
produce the longitudinal flows from both sides to suppress smoke from spreading 
further.

Given that the fire and smoke flow will spread further, if more extraction vents 
with the same interval between two extraction vents are used at a given total ex-
haust flow rate, the smoke zone of a multipoint extraction system will inherently 
be wider than that with a single-point extraction system. Further, from the practical 
point of view, it is much easier to control an extraction system with smaller number 
of activated extraction vents, or densely distributed vents. In the following, a single 
point extraction system and two point extraction system are discussed. The general 
requirements for these two systems can be applied to extraction systems with more 
point vents.

13.4.1  Single Point Extraction Volume

In a single point extraction system, as shown in Fig. 13.15, the exhaust volume flow 
rate through the extraction vent is one key parameter. However, the exhaust volu-
metric flow rate varies significantly with the gas temperature of the smoke flow. 
This implies that different exhaust volume flow rates (m3/s) will be present at dif-
ferent locations of the duct relative to the extraction vent, especially for a large fire 
which produces smoke flows with a very high gas temperature. Therefore, it is more 
reasonable to use the exhaust mass flow rate (kg/s) as a characteristic parameter of 
the extraction vent, rather than the exhaust volume flow rate.

An effective extraction system has been shown to be established when sufficient 
fresh air flows are supplied from both sides, to confine the fire and smoke to the 
zone between the fire source and the extraction vent for a single point extraction 
ventilation system. The fire and smoke flow cannot be confined if only the flow 
rate in the extraction vents are controlled, regardless of the ventilation velocities 
on both sides.

If the ventilation velocity is smaller than the critical velocity, the phenomenon of 
back-layering occurs. The distance between the smoke front on the left-hand side 
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(in Fig. 13.15) and the fire source is defined as the back-layering length upstream 
of the fire source, Lb, us, and the distance between the extraction vent and the smoke 
front on the right-hand side is defined as the back-layering length downstream of 
the extraction vent, Lb, ds, as shown in Fig. 13.15.

It has been found from model-scale tests that in a single extraction system, fire 
and smoke flows upstream and downstream of the fire source can be fully con-
trolled, if the ventilation velocity upstream of the fire source is at least 2.9 m/s in 
real-scale (0.6 m/s in model-scale), and the ventilation downstream of the extraction 
vent is above about 3.8 m/s (0.8 m/s), for a HGV fire or even several HGVs with 
HRR up to about 500 MW. Note that the critical velocity for smoke control in this 
tunnel with longitudinal ventilation is around 2.9 m/s in large-scale (0.6 m/s) ac-
cording to the test data. This suggests the critical velocities for both sides are closely 
the same as the critical velocity for smoke control in a longitudinal ventilated tunnel 
fire. According to the law of mass conservation, the critical extraction mass flow 
rate of the extraction vent required for confining the smoke into a small region be-
tween the fire and the extraction vent, mex

, could approximately be estimated using:

 (13.13)

where ρo is the fresh air density (kg/m3), uc is the critical velocity (m/s) and A is the 
tunnel cross-sectional area (m2).

13.4.2  Two Point Extraction

In a two point extraction system, the system is designed such that fire and smoke is 
to be confined to the zone between the two extraction vents. Figure 13.16 gives a 
schematic diagram of a two point extraction system. The ventilation velocity across 
the fire source is dependent on the ventilation system of the specific tunnel. In 
most cases the systems is not symmetrical, and there is always a longitudinal flow 
across the fire source. In that case the fire source leans toward one side, as shown in 
Fig. 13.16. If the ventilation velocity across the fire source is very small, the smoke 

2ex o cm u Aρ=

Fig. 13.15  Schematic diagram of single point extraction system
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stratification could be preserved relatively well in the zone between the two extrac-
tion vents at least at the early stage. Of course, the gas temperature in this zone is 
very high. However, the dangerous region can be confined by reducing the distance 
between two extraction vents, as the environment in the vicinity of the fire is not the 
focal point, but rather the environment outside this region.

In a two point extraction system, as shown in Fig. 13.16, the back-layering length 
on the left-hand side is defined as the distance between the smoke front and the left 
extraction vent. In a similar way the definition of the back-layering length on the 
right-hand side can be made.

In a two point extraction system, sufficient fresh air flows need to be supplied 
from both sides, to confine the fire and smoke to the zone between two extraction 
vents. The longitudinal ventilation velocities on both sides should be greater than 
about 2.9 m/s in large-scale (0.6 m/s in the model-scale), in HGV fires up to about 
500 MW. In other words, the critical velocities for both sides are closely the same as 
the critical velocity for smoke control in a longitudinal ventilated tunnel fire. There-
fore, Eq. (13.13) can also be used here to estimate the total extraction mass flow rate 
required for smoke control for a two point extraction system, and for each vent the 
extraction mass flow rate is approximately 50 % of the total value estimated.

13.4.3  Short Summary

In both single point and two point extraction systems, an effective smoke extraction 
system has been shown to be established when sufficient fresh air flows are sup-
plied from both sides, to confine the fire and smoke to either the zone between the 
fire source and the extraction vent in a single point extraction ventilation system, 
or between two extraction vents in a two point extraction ventilation system. The 
ventilation velocities of fresh air flows from both sides required for smoke control 
in point extraction systems are approximately the same as the critical velocity for 
smoke control in a longitudinally ventilated tunnel fire. This general requirement 
could also be applied to extraction systems with more extraction vents. Further, it 
can be expected that the equations for back-layering length could also be applied to 
these types of systems.

Fig. 13.16  Schematic diagram of a two point extraction system
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Moreover, an efficient smoke extraction system significantly reduces the risk of 
the fire spreading outside the fire and smoke zone, as a result of efficiently remov-
ing the flame and heat produced by the fire from the tunnel.

Example 13.4 A 5 m high and 6 m wide submersed tunnel is designed with a single 
point extraction ventilation system for smoke control. Estimate the critical extrac-
tion mass flow rate required for confining the smoke into a small region between 
the fire and the extraction vent. The design fire is a HGV fire with a maximum heat 
releaser ate of 100 MW. The ambient temperature is 20 °c.

Solution: At first calculate Q* / // ( . . ) .= × × × × =100000 1 2 1 293 9 8 5 1 621 2 5 2  > 0.15. 
According to Eq. (13.4): uc

* .= 0 43. The critical velocity can be esti-
mated: uc = × × =0 43 9 8 5 3 0. . .  m/s . The critical extraction mass flow rate can be 
estimated by: mg = × × × × =2 1 2 3 0 5 6 216. .  kg/s  which corresponds to 177 m3/s 
under normal conditions.

13.5  Cross-Passages

A tunnel cross-passage connects the main tunnel to a safe place, and provides a safe 
route for evacuation and rescue operations in a tunnel fire. The interval between two 
cross-passages ranges from 100 to 500 m. This distance could be determined based 
on analysis of smoke movement and evacuation in a given scenario.

In the event of a fire, enough fresh air should be supplied to keep the cross-
passages free of smoke as shown in Fig. 13.17. The minimum ventilation velocity 
through an opened fireproof door that can prevent smoke from spreading into a 
cross-passage is defined as the critical velocity for smoke control in a cross-passage.

There has been some research on the critical velocity in a cross-passage, defined 
as the minimum ventilation velocity through the fireproof door that can prevent 
smoke ingress. Tarada [22] proposed a performance-based method to calculate a 
specific critical velocity for a cross passage located downstream of the fire, and 
simply regarded the critical Froude number as 4.5 which was found by Danziger 

Fig. 13.17  The schematic diagram of smoke ingress into the cross-passage
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and Kennedy [3, 4] for use in smoke control in tunnels with longitudinal ventilation. 
In reality, according to the analysis in Sect. 13.3.1.1 we know that this value was 
wrongly determined by Danziger and Kennedy from Lee et al.’s small-scale experi-
ments [8]. Despite this, based on the critical Froude number, Li et al. [23] proposed 
the following equation for the critical velocity in a tunnel cross-passage, ucc, as:

 (13.14)

where

In the above equation, Hd is the height of the fireproof door (m), Ad is the cross-
sectional area of the fireproof door (m2), At is the tunnel cross-sectional area (m2), 
ut is the longitudinal velocity in the tunnel (m/s), Tf and ρf are the average gas tem-
perature (K) and average gas density (kg/m3) respectively.

Li et al. [23] carried out a series of model-scale tests, and the results showed 
that the critical Froude number varied significantly in a range of 4–17, and also 
decreased with the door height. Therefore, it was concluded that the critical Froude 
number method is not suitable for estimation of the critical velocity in a tunnel 
cross-passage. Note that if the critical Froude number is constant, the critical veloc-
ity in a cross-passage approximately varies as square root of the door height.

Based on a large amount of test data obtained, Li et al. [23] conducted a para-
metric study of critical velocity in a tunnel cross-passage, taking the fireproof door 
geometry, HRR, longitudinal ventilation velocity and fire source location all into 
account. It was found that the critical velocity in a tunnel cross-passage varies ap-
proximately as 3/2 power of the fireproof door height, as 1/3 power of the HRR 
and as exponential law of the ventilation velocity, and is almost independent of 
the fireproof door width. Based on the parametric study of the influencing fac-
tors on the critical velocity and a dimensional analysis, Li et al. [23] proposed a 
robust nondimensional equation to predict the critical velocity for smoke control in 
a cross-passage:

 (13.15)

where

In the above equation, ucc
* is the dimensionless critical velocity in the cross-pas-

sage, Hd
* is the dimensionless door height, Qt

* is the dimensionless HRR in the 
tunnel, ut

* dimensionless velocity in the tunnel.

2
d c t

cc t
do p d f cc cc

gH Q A
u u

Ac A T Fr Vρ
= −



2

( )
,  

( )
d o fc

f o cc
o p t t cc d o cc

gHQ
T T Fr

c u A u A u

ρ ρ
ρ ρ

−
= + =

+



* * 1/3 *1.65 * exp( )cc d t tu H Q u= −

* * * *
1/2 5/2, , ,cc d t

cc d t t
t o p o td t

u H uQ
u H Q u

H c T g HgH gHρ
= = = =





356 13 Tunnel Fire Ventilation

The results of critical velocity in the cross-passages with various geometries of 
fireproof doors (eight doors) [23] are shown in Fig. 13.18. It can be seen that all the 
experimental data correlates well with Eq. (13.15).

According to Li et al.’s [23] findings, the critical velocity in a tunnel cross-
passage varies approximately as 3/2 power of the fireproof door height, and is in-
dependent of the fireproof door width. However, assuming that the critical Froude 
number is constant, the critical velocity in a cross-passage approximately will vary 
as square root of door height, which is contrary to the finding. This also proves that 
in reality the critical Froude number does not exist for smoke control in a tunnel 
cross-passage.

For very large fires, the equation proposed has not been verified, partly due to 
the fact that from the point of view of safety design, in such a large fire, the door in 
the cross-passage nearby the fire source will not be opened. Referring to the effect 
of HRR on critical velocity for smoke control in longitudinally ventilated tunnels, it 
could be expected that the critical velocity in a tunnel cross-passage estimated using 
Eq. (13.15) could be slightly conservative for very large fires.

Example 13.5 Two unidirectional tunnels are connected by cross-passages with 
an interval of 250 m. Longitudinal ventilation systems are used both under normal 
and emergency conditions. In case of a fire, a longitudinal flow with a velocity of 
around 3 m/s is created in the fire tunnel, and the other tunnel will be pressurized by 
the operation of jet fans installed at the exits and/or shaft fans. Estimate the critical 
ventilation velocity through the 2.2 m high fireproof door in the cross-passages, for 
a bus fire with a maximum heat releaser rate of 30 MW, and for a 5 MW car fire and 
a 100 MW HGV fire. The tunnels are both 6 m high and 10 m wide and the ambient 
temperature is 20 °c.

Fig. 13.18  Critical velocity for smoke control in cross-passages [23]
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Solution: At first we calculate Q* / // ( . . ) . ,= × × × × =30000 1 2 1 293 9 8 6 0 311 2 5 2

Hd
* . / .= =2 2 6 0 367 and ut

* / . .= × =3 9 8 6 0 39 , then use Eq. (13.15), that 
is, ucc

* /. . . exp( . ) .= × × − =1 65 0 367 0 31 0 39 0 2761 3 . The critical velocity in the tun-
nel cross-passage is: ucc = × × =0 39 9 8 6 1 25. . .  m/s. The fire ventilation system 
can be designed based on this value. Accordingly, the critical velocity in the tunnel 
cross-passage is 0.71 m/s for a HRR of 5 MW and 1.9 m/s for 100 MW.

13.6  Rescue Station

The safety level in a very long tunnel can be significantly improved by use of a 
rescue station since the passengers can evacuate efficiently through the numerous 
cross-passages with a short spacing that would be expected in such a rescue station. 
Geber [24] studied the risk of the case that the incident train cannot arrive at any 
of emergency exits, that is, tunnel exits or emergency rescue stations, during an 
accident, assuming that the train can still travel over 20 km after an accident. The 
results show that the risk is around 30 % if the interval between the emergency exits 
is 30 km, and about 0.01 % if the interval is 20 km.

Nowadays, rescue stations are mainly specified in long railway tunnels. The 
main reason is the difficulty in evacuation of large amounts of passengers on a train 
during a short period. In case of a fire, a rescue station provides routes for evacuees 
at the evacuation stage and also provides the fire brigade a shortcut to attack the 
fire during the firefighting stage. In a rescue station in a long tunnel, emergency 
communication, emergency lights, fire hoses and other safety facilities are also pro-
vided. It can also be used as a construction site during the construction stage and as 
a maintenance station under normal condition. In a summary, a rescue station can be 
used for emergency evacuation, firefighting, maintenance, and construction.

Although rescue stations are not that common, they are of great interest from the 
point of view of smoke control, and therefore, we have added as special section for 
these types of systems.

13.6.1  Configuration and Function of Rescue Station

Table 13.1 gives a summary of the rescue stations constructed or under construction 
worldwide. All these tunnels are very long with a length from 16.2 to 53.9 km. It 
is shown clearly in Table 13.1 that most of these tunnels are twinbore single-track 
tunnels, except the Seikan tunnel. The length of the rescue stations ranges from 400 
to 540 m. At least 6 cross-passages are available or planned in each rescue station 
in these very long tunnels.

Figure 13.19 shows an example of ventilation system in one rescue station of a 
long railway tunnel. One inclined shaft and one vertical shaft were built for emer-
gency ventilation. In case of a fire in one tunnel, the inclined shaft supplies air flow 
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to the safe tunnel (nonincident tunnel) together with the jet fans, and the fresh air 
flows are forced to flow into the fire tunnel (incident tunnel). Part of the smoke 
flows are exhausted by the vertical shaft and the others are exhausted by the tunnel 
flows.

According to the placement of platforms and safe regions, the rescue stations in 
the long tunnels in Table 13.1 can be categorized into two types: internal rescue sta-
tion and external rescue station, as shown in Fig. 13.20 and 13.21. Note that only six 
cross-passages are plotted here, in practice there could be more. In an internal res-
cue station, the two neighboring tunnels are connected together by cross-passages, 
and the neighboring tunnel is regarded as a safe region. In an external rescue station, 
the two running tunnels are independent and extra regions connected to the incident 
tunnel are regarded as safe regions. The extra regions could be a service tunnel or a 
pilot tunnel or a large space specifically built for the rescue station.

Note that for both types of rescue stations, the safe region is pressurized to push 
fresh air flow into the incident tunnel to prevent the smoke spread from the incident 
tunnel to the escape path or the safe region. Meanwhile, the smoke in the incident 
tunnel could be exhausted by the exhaust shaft available in the incident tunnel, or 
be blown away along a preferred direction by the forced longitudinal flow in the 

Fig. 13.20  The internal rescue station in a long tunnel

 

Fig. 13.19  A schematic view of the ventilation in rescue station of a tunnel
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fire tunnel. This is the basic pattern of smoke control in a rescue station in a very 
long tunnel.

13.6.2  Smoke Control

The main method of smoke control in a rescue station fire is to supply fresh air to-
ward the incident tunnel to keep the cross-passages free of smoke. The smoke flow 
in the fire tunnel could also be exhausted through vertical shafts or blown out by 
the longitudinal flows.

Note that the main method of smoke control in a rescue station is similar to that 
in normal tunnel cross-passages nearby a fire. Therefore, the same model can be 
used for estimation of the critical velocities for smoke control in a rescue station.

Li et al. [25] carried out 54 model-scale rescue station fire tests to investigate the 
smoke control issues in the rescue station fires. The effects of HRR, train obstruc-
tion, fire source location, and ventilation condition on smoke control of the cross-
passages in a rescue station were tested and analyzed. Their results show that the 
critical velocity in the cross-passage beside the fire source is the highest, and the 
critical velocity in cross-passages decreases with the distance away from the fire 
source. The critical velocities in the two neighboring cross-passages are about 80 to 
90 % of the maximum critical velocity. The critical velocities in the cross-passages 
approximately vary as 1/3 power law of the HRR and decreases due to the obstruc-
tion of the train. The average reduction ratio of critical velocity due to vehicle ob-
struction is about 14 % on average, that is, slightly lower than the blockage ratio of 
the vehicle which was 20 % in the tests [25]. The results of the critical velocity for 
smoke control in the rescue station correlate well with that in the normal cross-pas-
sages [23], despite the fact that the values obtained from the rescue station fire tests 
are slightly higher due to that the method of testing tended to conservative [25].

Fig. 13.21  The external rescue station in a long tunnel
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13.6.3  Gas Temperature Beside the Door

Smoke temperature and smoke layer height beside a door are key parameters to 
determine whether evacuees can evacuate through the door. Li et al. [25] conducted 
both theoretical and experimental analyses of the critical gas temperature beside 
the door of a cross-passage, which is defined as the smoke layer temperature beside 
the fireproof door under the critical condition. The critical gas temperature can be 
correlated well with the critical velocities in the cross-passages. A simple equation, 
which correlates very well with the experimental data (see Fig. 13.22) was obtained 
to estimate the critical gas temperature, ΔTcc, which is expressed as [25]:

 (13.16)

The smoke layer height beside the door under the critical condition was also inves-
tigated and it has been shown that the smoke layer height beside the door is directly 
related to the critical gas temperature. Li et al. [25] also found that the gas tempera-
ture beside the door is insensitive to the flow velocity through the door and the criti-
cal gas temperature can be regarded as a characteristic gas temperature beside the 
door in a cross-passage. Therefore, based on the calculation of critical velocity in a 
cross-passage, the characteristic gas temperature beside the door can be estimated 
using the above equation.

∆T
T u

ucc
o cc

cc

=
−

*

*.

2

20 42

Fig. 13.22  Critical smoke temperatures vs. critical velocities in the cross-passages [25]
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13.6.4  Fireproof Door Height

Li et al. [25] also investigated the smoke layer height beside the door under criti-
cal conditions. It has been shown that the smoke layer height beside the door is 
directly related to the critical gas temperature. The fireproof door height should not 
be lower than 2.2 m to ensure a smoke layer height above approx. 1.74 m [25]. From 
this view point, the fireproof door height should be as high as possible. However, 
in order to reduce the critical velocity for smoke control in the cross-passages, the 
fireproof door height should be as low as possible. As a consequence, a fireproof 
door height of 2.2 m is proposed as a reasonable tradeoff value [25].

Example 13.6 Estimate the critical ventilation velocity through the 2.2 m high fire-
proof doors in the cross-passages of a rescue station in a railway tunnel and estimate 
the gas temperature right beside the door, assuming that the design fire is 30 MW. 
Extraction vents placed along the tunnel ceiling with an interval of 50 m are opened 
to extract the smoke flows, and the longitudinal velocity across the fire is around 
0.5 m/s. The cross sections on each side of the rescue station are 8 m high and 8 m 
wide and the ambient temperature is 20 °C.

Solution: The equation for normal tunnel cross-passage, Eq. (13.15), can be 
used for estimation of critical velocity for smoke control in the cross-passages 
in a rescue station. At first calculate Q* = 30000/(1.2 × 1 × 293 × 9.81/2 × 85/2) = 0.15, 
 Hd

* =  2 2 8 0 275. / .= and ut
* . / . .= × =0 5 9 8 6 0 056, then use Eq. (13.15), that 

is, ucc
* /. . . exp( . ) .= × × − =1 65 0 275 0 15 0 056 0 231 3 . The maximum critical velocity 

in the cross-passage downstream is: ucc = × × =0 23 9 8 6 1 07. . .  m/s. The critical 
velocity for smoke control is slightly lower than this value in the other cross-pas-
sages, however, this value should be used for design of the fire ventilation system 
in a rescue station since, the location of a fire is arbitrarily distributed along the 
rescue station.

The excess gas temperature beside the door can be estimated using Eq. (13.16), that 
is, ΔTcc = (273 + 20) × 0.232/(0.42–0.232) = 42 °c, and the gas temperature beside 
the door is: Tcc = 20 + 42 = 62 °c. This temperature is not so high due to that the tun-
nel is very high compared to the height of the fireproof door. This also indicates that 
the thermal environment for evacuation through cross-passages is much better in a 
railway tunnel than a metro tunnel for a given HRR.

13.7  A Simple Model of Longitudinal Flows

A simple theoretical model of ventilation flows in tunnel fires has been proposed 
by Ingason et al. [31] to calculate the ventilation velocity in a tunnel under natu-
ral ventilation or longitudinal ventilation. This model is based on the general flow 
theories for one-dimensional turbulent duct flow (Bernoulli’s law). The pressure 



36313.7  A Simple Model of Longitudinal Flows 

equilibrium in the tunnel during a fire under external wind toward the portals can 
be expressed as follows:

 (13.17)

where Δpfan is the pressure change created by the fan (Pa), Δpw, is the wind pressure 
difference between the portals (Pa) where the ± sign determines by the direction 
of the main flow within the tunnel, ΔpT is the pressure difference due to density 
variation created by the fire (Pa) where the ± sign determines if the thermal pres-
sure force is enhancing or oppose the main flow within the tunnel, Δpin and Δpe are 
the pressure loss (Pa) at the inlet and the exit of the tunnel, respectively, Δpfr is the 
pressure loss due to wall friction (Pa), ΔpHGV, is the pressure loss due to the pres-
ence of the HGV mock-up (Pa), and Δpob is the total pressure loss due to other flow 
obstruction inside the tunnel (Pa). In the following each term in the equation will be 
discussed in more details.

The pressure change created by the mobile fan, Δpfan, i, can be expressed as:

 (13.18)

where the momentum flux, that is, impulse force of the fan, I m ufan fan fan=  (N), and 
η is the efficiency of the impulse force of the fan to create the longitudinal flow in 
the tunnel, 

m is the mass flow rate of the fan (kg/s), At is the tunnel cross-sectional 
area (m2). For jet fans placed separately in the tunnel, the efficiency is normally 
around 0.9.

The pressure difference due to buoyancy created by the fire, ΔpT, can be ex-
pressed as:

 (13.19)

The stack height difference, Δh (m), can be calculated as Δh = θ × Lds/100 where θ 
is the slope in percent and Lds is the tunnel length downstream of the fire (m). For 
simplicity we use a mean temperature, Tm (K), as a representative temperature of the 
region between the fire source and downstream exit which will be discussed later.

The static pressure loss due to the inflow at the entrance of the tunnel, Δpin, can 
be obtained by the following equation:

 (13.20)

and the static pressure loss due to the outflow of the tunnel, Δpe, is:

 (13.21)
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where uo is the average longitudinal fresh air velocity over the cross section (m/s) 
and Te is the hot gas temperature in Kelvin (K) at the outlet of the tunnel. The pres-
sure loss coefficient at the inlet is ξin = 0.5 and at the exit ξe = 1 [32].

The pressure loss due to friction can be obtained from the following equation:

 (13.22)

where L is the tunnel length (m), Lds is the downstream tunnel length (m), f is the 
Darcy–Weisbach friction factor.

The wind pressure difference between the portals, Δpw, can be expressed as:

 (13.23)

where the initial wind velocity inside the tunnel before the fire occurs is ui. This 
velocity has to be measured or known. The friction coefficient, f, can be found from 
the Moody chart [32] or using other equations for flow resistance (see Chap. 10 on 
heat flux), based on the relative roughness of the tunnel surfaces and the Reynold 
number in a specific case. The total local friction coefficient ζ in a tunnel mainly 
consists of the pressure losses at the inlet and exit.

The burning vehicles induce a certain hydraulic resistance to the airflow. There 
could be some obstructions located inside the tunnel such as vehicles trapped in a 
tunnel fire or measuring cabins in a test. The pressure loss due to vehicles and ob-
structions can be approximated by the following equation:

 (13.24)

where Tg is the average gas temperature in Kelvin close to the vehicle or obstruc-
tion, and the pressure loss coefficient for a flow passing an obstruction in a tube can 
be calculated according to the following equation [32]:

 (13.25)

where the drag coefficient, cx, is determined from tables given by Fried and Idelchick 
[32], y is the distance between the centre of the body and the wall (m), D is the height or 
diameter of the cross section (m) and γ is the correction factor for the effect of the body 
shape and contraction of the transverse cross section of the tube. For simplicity, gener-
ally it could be assumed that the object is a cube which means that cx is 1.05 and γ is 1.5.

Combing all the equations in this section, we have a solution for the average 
longitudinal velocity under ambient conditions:
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(13.26)

This suggests that the mass flow rate of the ventilation flow in the tunnel,
m (kg/s), 

can be estimated using:

 (13.27)

The gas temperatures in the above equations need explicit expression in order to 
calculate the average longitudinal velocity. Assuming that the radiative energy oc-
cupies 1/3 of the total HRR, the average gas temperature at the fire site, Tf (K), can 
be calculated according to the following equation [31]:

 (13.28)

The mean temperature, existing in the expressions of the friction pressure loss and 
the thermal pressure difference, plays a key role in the calculation of longitudinal 
velocity inside the tunnel. The mean temperature is a representative temperature 
of the region between the fire source and downstream exit. Ingason et al. [31] pro-
posed two possibly feasible methods to calculate the mean temperature. The first 
method is to use the average temperature at the middle point between the fire source 
and the downstream exit by the following equation [33]:

 (13.29)

where h is the total heat transfer coefficient (kW/(m2 K)) and wp is the wet perimeter 
of the tunnel (m).

The second method is to use an average temperature based on the energy equilib-
rium of the downstream region. Considering the region between the fire source and 
downstream exit as a control volume, the conservation of energy can be expressed 
as follows [31]:

 (13.30)

Ingason et al. [31] compared these two methods and found that the first method 
gave a best fit to the data from Runehamar tunnel fire tests, while the second meth-
od overestimated the mean temperature despite its clearer physical meaning. How-
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ever, it could be expected that if the mean temperature based on the first method 
is close to ambient, a larger error could be induced and the second method could 
produce better results.

Ingason and Lönnermark [33] validated this equation and the results from Rune-
hamar tunnel fire tests show that a total heat transfer coefficient of 0.025 kW/m2 
gives the best fit to the test data.

The above equations have been validated by Ingason et al. [31] using data from 
the Runehamar tunnel fire tests, and can be used to simply estimate the ventilation 
flows in a tunnel fire.

Note that under natural ventilation, the proposed equations could still be valid. 
The only difference is the absence of the fans.

However, it should always be kept in mind that the one-dimensional theoreti-
cal model presented here is not valid if the longitudinal velocity is very low, for 
example, lower than 1 m/s.

Example 13.7 What is the average longitudinal ventilation velocity at the ambient 
condition in a submersed tunnel with a 50 MW fire at 500 m from the right tunnel 
portal? The tunnel has a 3 % downward slope to the middle of the tunnel and then a 
3 % upward slope to the exit. The tunnel geometry is L = 2 km, H = 6 m, W = 9 m. The 
ambient temperature is 20 °C. The sprayed tube walls have a roughness of around 
5 cm on average and the friction coefficient is around 0.018 for turbulent flows.

Solution: Note that in a sloping tunnel, the buoyancy force is only attributed to 
the section between the fire source and the exit of smoke flow. Therefore, the stack 
height difference: Δh = 3 × 500/100 = 15 m.

Since the mean temperature needs to be estimated based on the mass flow 
rate, we firstly assume uo = 2.5 m/s. Then estimate the mass flow rate using 
Eq. (13.27): m = × × × =1 2 2 5 6 9 162. . kg/s, and the maximum temperature using 
Eq. (13.28): ΔTf = (2/3) × 50000/(162 × 1) = 206 K.

Assuming h = 0.025 kW/(m2 K), the mean temperature can be estimated using 
the first method, that is, Eq. (13.29): ΔTm = 206 × exp(−0.025 × 30 × (500/2)/
(162 × 1) = 65 K.

In a similar way, the exit temperature can be estimated to be 313 K. The equivalent 
diameter of the tunnel is 7.2 m. Therefore, according to Eq. (13.26), the longitudinal 
velocity can be calculated:
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Note that the obtained value of 2.79 m/s is greater than the assumed value of 2.5 m/s, 
therefore, we need to assume a lower value for the longitudinal velocity. Second cal-
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culation using a value of 2.79 m/s gives a value of 2.80 m/s, which correlate well 
with each other. The exact solution is 2.80 m/s.

We may check the second method for the mean temperature. The calculated lon-
gitudinal velocity is 2.69 m/s. Clearly, the value is lower than that obtained using 
the first method, as observed by Ingason et al. [31].

If there are jet fans or exhaust fans existing in the tunnel or shaft, we may simply 
estimate the pressure rise using Eq. (13.18).

13.8  Summary

Ventilation is one of the major measures at tunnel designers disposal to mitigate 
the effect of fire and smoke, to aid evacuation, rescue services, and firefighting in a 
tunnel fire. In this Chapter, various normal ventilation systems are briefly described 
before the introduction of fire ventilation systems. Further, fire ventilation systems, 
including longitudinal ventilation and point extraction ventilation systems, are dis-
cussed in great detail.

For longitudinal ventilation, critical velocity and back-layering length are the 
two key issues for smoke control. It is shown that a constant critical Froude number 
does not exist, and thus the critical Froude number is not a reasonable estimate of 
the critical velocity. Instead, a nondimensional model, that is, Eq. (13.4), gives bet-
ter prediction of the critical velocity. The effect of vehicle obstruction and tunnel 
width, influence of HRR on critical velocity are also investigated, and the critical 
flame angles are shortly discussed. The back-layering length is correlated well with 
the critical velocity using Eq. (13.10) which can be used to estimate the back-layer-
ing length in a tunnel fire.

Further, fire ventilation in tunnel cross-passages is discussed. The critical veloc-
ity for smoke control in a tunnel cross-passage varies approximately as 3/2 power 
of the fireproof door height, as one-third power of the HRR and as exponential law 
of the ventilation velocity, almost independent of the fireproof door width. A useful 
equation, Eq. (13.14), is proposed to estimate the critical velocity in a tunnel cross-
passage.

Smoke control in rescue stations is also investigated. There are two types of 
rescue stations, that is, internal rescue station and external rescue station. For both 
types of rescue stations, the safe tunnel is pressurized to push fresh air flow into the 
fire tunnel to prevent smoke spread into the safe region. Meanwhile, the smoke in 
the incident tunnel could be exhausted by the exhaust shaft or be blown away by the 
forced longitudinal flows. Note that the main method of smoke control in a rescue 
station is similar to that in the normal cross-passages nearby a fire. Therefore, the 
same model can be used for estimation of the critical velocities for smoke control 
in a rescue station. Based on the calculation of critical velocity, the gas temperature 
beside the door can also be estimated using Eq. (13.15).

A simple one-dimensional model of longitudinal flows is introduced for calcula-
tion of longitudinal ventilation velocity in a tunnel fire with natural ventilation or 
mechanical ventilation. However, it should always be born in mind that the one-
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dimensional theoretical model presented here is not valid if the longitudinal veloc-
ity is very low.
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Chapter 14
Visibility
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Abstract Visibility is very important for evacuation during a fire and, therefore, 
a very important parameter for fire safety in a tunnel. There are different methods 
for estimating the visibility in smoke-filled spaces, using mass-specific extinction 
coefficient or the mass optical density. For both methodologies there are experi-
mental values available for some materials of interest. First, the mass extinction 
coefficient methodology is presented and at the end compared and correlated to the 
mass optical density methodology. Values of these parameters for selected materials 
are presented and conversion of values for one of the parameters into the other is 
discussed. Finally, the effect on the walking speed during egress is discussed.

Keywords Visibility · Extinction coefficient · Optical density · Egress

14.1  Introduction

Fire safety in tunnels relies to a large extent on the principle of self-evacuation. 
Visibility is one of the most important parameter affecting the possibilities for safe 
egress. Although reduced visibility in itself does not lead to incapacitation, visibil-
ity is an important parameter in tenability analysis. With the most common criteria 
used for visibility, the “tenability limits” for visibility are in most cases reached be-
fore similar limits are reached for other parameters of interest (gas concentrations, 
temperature, and radiation) as shown in Chap. 15. Therefore, good knowledge of 
visibility phenomena and the processes affecting it are very important for the safety 
of escaping people.

As with other parameters relating to perception, it is not easy to find a single 
mathematical equation describing the relation between visibility and smoke den-
sity. The situation is complicated by the fact that the typical size and shape of the 
particles in smoke from fires varies and depends on the burnt material and combus-
tion conditions [1, 2]. This has led to different suggestions about how to calculate 
 visibility, that is, how to relate a measurable (or estimated) physical parameter to 
visibility. In the next section different approaches are presented, compared, and 
discussed.
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14.2  Different Methods of Predicting Visibility

One common way to express the smoke density is by the extinction coefficient, Cs (1/m):

 (14.1)

where I0 is the intensity of the incident light, I is the intensity of the light through 
smoke, and L is the path length of the light (m).

The relationship between the transmitted and incident intensities is a function of 
the mass-specific extinction coefficient of smoke σ (m2/kg), the mass concentration 
of smoke, ρsm (kg/m3), and L (m) as expressed by Bouguer’s law [3]:

 
(14.2)

Jin [4, 5] developed several relationships between the visibility ( Vs) and the extinc-
tion coefficient. For a light-emitting sign the relationship is given as:

 (14.3)

where,
BEO brightness of the sign (cd/m2)
δc contrast threshold of signs in smoke at the obscuration level (-)
k = σs/Cs
Cs = σs + σab extinction coefficient (1/m)
σs scattering coefficient (1/m)
σab absorption coefficient (1/m)
Π  1/π of mean illuminance of light radiating from all directions in 

smoke (m/m2)

The contrast threshold ( δc) is in the range 0.01–0.05, and a value of 0.02 is  often 
used (For example, ISO 13571). For reflecting signs the corresponding equation can 
be  written as [4, 5]:

 
(14.4)

where α is the reflectance of the sign.
Jin also showed that, at the obscuration threshold (for visibilities between 5 and 

15 m) the visibility can be expressed as [5]:
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where K is a constant which is 5–10 for a light-emitting sign and 2–4 for a reflect-
ing sign.

If the smoke is an irritant, the visibility is reduced and both the smoke density 
and the irritation affect the walking speed. There is a linear decrease in visibility 
as the extinction coefficient increases, in the same way as for nonirritant smoke for 
0.1 ≤ Cs ≤ 0.25. For Cs ≥ 0.25 the visibility in irritant smoke can be written as [4, 5]:

 (14.6)

The experiments for which the correlation above was developed, showed that a 
value of K = 6 gave best agreement [5]. Note that those tests were performed with a 
lighted FIRE EXIT sign.

Since

 (14.7)

one can write

 (14.8)

where

 (14.9)

 
(14.10)

depending on whether the object of interest is defined by a volume, V (m3; for 
example, a train without openings) or an air flow rate, V  (m3/s; for example, a 
tunnel). Ys is the soot yield (kg/kg) for the burning material under prevailing condi-
tions. The change in mass of fuel can be given as a mass difference, Δmf (kg) as in 
Eq. (14.9) or as a mass flow, mf (kg/s) as in Eq. (14.10). In Table 14.3 the soot yield 
Ys is given for some selected materials in kg/kg. In Chap. 7 the soot yield and the 
effect of the equivalence ratio are discussed further.

The extinction coefficient, Cs, can be obtained either from measurements using 
Eq. (14.1) or from values of σ and ρsm using Eq. (14.7).

If one-dimensional smoke flow in a tunnel is assumed, the visibility can be cal-
culated from

 (14.11)

where u is the velocity of air in the tunnel (m/s) and At is the cross section area of the 
tunnel (m2). The heat release rate, Q  (kW), from a fire can be described as

 (14.12)
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where χ is the combustion efficiency and ΔHc is the heat of combustion (kJ/kg). 
This means that

 (14.13)

Note the difference between the optical density (OD), and the extinction coefficient 
( Cs), where

 
(14.14)

This is discussed in more detail below, when relating the specific extinction coef-
ficient to the mass optical density, Dmass (m

2/kg).
Both the mass-specific extinction coefficient and the soot yield depend on the 

type of fuel and therefore it is important to have data for different types of fuels. Note 
that there are different definitions and different ways of presenting this type of data.

Mulholland et al. [6, 7] have studied the specific extinction coefficient and present-
ed an average value of 8700 m2/kg (wavelength = 632.8 nm) for postflame smoke pro-
duction from well-ventilated fires. Table 14.1 and  14.2 summarize the mass-specific 
extinction coefficients for gases/liquids and solids, respectively, with values from dif-
ferent studies. The value 8700 m2/kg (with an expanded uncertainty of 1100 m2/kg 
and 95 % confidence interval) mentioned above is an average of all the included stud-
ies. One can note that for some fuels, for example, heptane there is some spread in the 
specific extinction coefficient between the different studies. This could be an effect of 
the experimental setup or the scale. However, for some fuels, for example, PS, PVC, 
and rubber, there are relatively good agreement between the different setups.

Note that the standard SS-ISO 13571:2007 suggests an average value of 
10,000 m2/kg [8].

Tewarson [9] presented data for many different types of fuels. There the informa-
tion is given as

 
(14.15)

Using Eqs. (14.7), (14.14) and (14.15), a relationship between the specific extinc-
tion coefficient and Dmass can be found:

 
(14.16)

In Table 14.3 and 14.4 Ys and Dmass for a number of fuels and building materials are 
listed. Equation (14.16) is then used to calculate the mass-specific extinction coef-
ficient. In the table, there are two columns with soot yield. The reason for this is 
that, the more recent version of the SFPE handbook has somewhat different values 
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compared to the 1st edition. The 1st edition version is included since those values 
correspond to the reported values of Dmass.

For some materials there is a large variation in the values of the specific ex-
tinction coefficient calculated from Dmass in Table 14.3 and 14.4 compared to the 
measured values listed in Table 14.1 and 14.2. The specific extinction coefficient 
depends on the experimental setup and the size of the fire as shown by the values in 
Table 14.1 and 14.2. In some cases there is a good correlation between the values in 
Table 14.1 and 14.2 and Table 14.3 and 14.4.

Table 14.5 shows the difference in soot yield for some fuels at different fire sizes. 
It can be seen that the mass-specific extinction coefficient depends on the fuel type, 
but does not seem to depend on the flame conditions (laminar or turbulent) [3].

Table 14.1  Examples of mass-specific extinction coefficients (at 632.8 nm) for burning gases and 
liquids [6]
Fuel σ [m2/g] Description
Gases
Propane 8000 170–350 kW
Ethene 7800 Turbulent diffusion burner, 5–10 kW
Ethene 8800 5 cm diameter burner, 2.0 kW
Propene 7000 Turbulent diffusion burner, 5–10 kW
Butadiene 7500 Turbulent diffusion burner, 5–10 kW
Acetylene 5300 Turbulent diffusion burner, 5–10 kW
Acetylene 7800 Premixed burner at equivalence ratio of 2.5
Acetylene 7800 5 cm diameter burner, 2.6 kW
Liquids
Heptane 10,300 Small-scale to large-scale
Heptane 7800 30 cm (60 kW) and 50 cm (250 kW) pools
Heptane 6400 Turbulent diffusion burner, 5–10 kW
Benzene 7800 Turbulent diffusion burner, 5–10 kW
Styrene 9700 2 cm diameter pool
Cyclohexane 7500 Turbulent diffusion burner, 5–10 kW
Toluene 7000 Turbulent diffusion burner, 5–10 kW
Kerosene 10,100 Small-scale to large-scale
Kerosene 9200 Small-scale, 1–5 kW
Petrol 11,200 5 mL of fuel
Diesel 10,300 5 mL of fuel
Fuel oil 11,600 5 mL of fuel
Fuel oil 7200 Small-scale, 1–5 kW
Fuel oil 9400 Small-scale, 1–5 kW
Paraffin oil 9100 5 mL of fuel
Butane 9900 5 mL of fuel
Crude oil 8800 40 cm (60 kW) and 60 cm (180 kW) pools
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Using Eqs. (14.13) and (14.16) one can derive an equation for visibility based 
on Dmass:

 
(14.17)

If a combustion efficiency of unity is assumed, Eq. (14.17) reduces to:

 
(14.18)

and if a value of K = 2 is assumed, one obtains the following expression:

 
(14.19)

which is the same equation presented by Ingason [11]. Ingason also summarized 
mass optical densities for different vehicles. These are given in Table 14.6.

In a test series in the Runehamar tunnel in Norway, Ingason et al. [13] performed 
tests simulating fires in heavy goods vehicle (HGV) cargos. Except for a pool fire 
test using diesel, different mixtures of cellulosic materials and plastics (18–19 % 
plastics in each test) were used as fuel to simulate the cargo. During these tests the 
extinction coefficient was measured. The mass optical density estimated from the 
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Table 14.2  Examples of mass-specific extinction coefficients (at 632.8 nm) for burning solids [6]
Fuel σ [m2/g] Description
Solids
Douglas fir 10,300 Small-scale to large-scale
Oak 7600 Small-scale, 1–5 kW
Wood crib 8500 1 crib (50 kW), 3 cribs (250 kW)
HDPE 8800 Small-scale, 1–5 kW
PP 7400 Small-scale, 1–5 kW
PMMA 10,500 Small-scale to large-scale
PMMA 7900 Small-scale, 1–5 kW
Polycarbonate 10,200 Small-scale to large-scale
Polycarbonate 7600 Small-scale, 1–5 kW
PVC 9900 Small-scale to large-scale
PVC 9000 Small-scale, 1–5 kW
PS 10,000 Small-scale to large-scale
PS 9600 Small-scale, 1–5 kW
Styrene-butadiene rubber 10,400 Small-scale to large-scale
Rubber 10,100 Small-scale, 1–5 kW
Polyurethane crib 8100 1 crib (100 kW), 3 cribs (300 kW)
PE polyethene, PP polypropene, PS polystyrene, PUR polyurethane
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measurements for different types of materials (cargo) is presented in Table 14.7. 
The values correlate well with the values given for “truck” in Table 14.6. The values 
for diesel are similar to those given for benzene and styrene in Table 14.3.

For the estimation of the visibility in a tunnel either Eq. (14.13) or Eq. (14.17) 
can be used depending on which information is available on the involved param-
eters. If the visibility is to be determined for a line of sight having a distance x m 
downstream of a fire with a nonconstant HRR, it is important to take the transport 
time into account and relate the transient visibility to the relevant HRR. This was 
discussed also in Chap. 8 on gas temperatures, where a relation for the actual time 
and its dependency on a nonconstant velocity was presented. If for simplicity, a 
constant velocity, u, is assumed, the actual time τ (s) for the fire development at the 
distance x from the fire can be calculated as

 
(14.20)

where t (s) is the measured time from the ignition of the fire.

x
t

u
τ = −

Table 14.3  Soot yield, Dmass and specific extinction coefficient for selected materials
Material Ys (kg/kg) Ys (kg/kg) Dmass (m

2/kg) σ (m2/kg)

Reference [9] [10] [9] Calculated, Eq. (14.16)
Ethane 0.008 0.013 24 6900
Propane 0.025 0.024 81 7500
Butane 0.026 0.029 155 13,700
Ethene 0.045 0.043 201 10,300
Propene 0.103 0.095 229 5100
1,3-Butadiene 0.134 0.125 319 5500
Acetylene 0.129 0.096 315 5600
Heptane 0.037 0.037 190 11,800
Octane 0.039 0.038 196 11,600
Benzene 0.175 0.181 361 4700
Styrene 0.184 0.177 351 4400
Kerosene NA 0.042 NA NA
Isopropylalcohol 0.014 0.015 NA NA
Wood (red oak) 0.015 0.015 37 5700
Wood (hemlock) NA 0.015 NA NA
Toluene NA 0.178 NA NA
ABS NA 0.105 NA NA
PE 0.060 0.06 230 8800
PP 0.059 0.059 240 9400
PS 0.164 0.164 335 4700
Nylon 0.075 0.075 230 7100
NA not available
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For estimation of the soot yield, the ( )Q τ  is used in Eq. (14.13) or Eq. (14.17), 
that is, the transportation time should be accounted for in this case.

Example 14.1 An HGV loaded with polypropene (ΔHc = 38.6 MJ/kg) is burning 
in a tunnel with the cross section W = 9 m and H = 6 m. The air velocity in the tun-
nel is 2 m/s. The HRR of the fire increases linearly at 210 kW/s for 12 min. What 
is the visibility after 6 min at a distance of 500 m downstream of the fire? Assume 
nonirritant smoke.

Solution: Start with calculating the actual time using (14.20): τ = 360−500/2 = 110 s. 
This gives ( )Q τ  = 210 × 110 = 23100 kW. From Table 14.3 the Dmass = 240 m2/kg for 
polypropene can be found. Using Eq. (14.18) and assuming K = 2 gives

In this solution we used K = 2 (lower end of the interval for reflecting signs), which 
often is used, but note that in many cases other values are used, for example, K = 3, 
that is, the centre of the interval for reflecting signs.

2 2 9 6 38600
0.65 m.

2.303 240 23100sV
⋅ ⋅ ⋅

⋅
= =

 Table 14.4  Soot yield, Dmass and specific extinction coefficient for selected building materials
Material Ys (kg/kg) Ys (kg/kg) Dmass (m

2/kg) σ (m2/kg)

Reference [9] [10] [9] Calculated, Eq. (14.16)
PUR foam, flexible, GM21 0.131 0.131 NA NA
PUR foam, flexible, GM23 0.227 0.227 326 3300
PUR foam, flexible, GM25 0.194 0.194 286 3400
PUR foam, flexible, GM27 0.198 0.198 346 4000
PUR foam, rigid, GM29 0.130 0.13 304 5400
PUR foam, rigid, GM31 0.125 0.125 278 5100
PUR foam, rigid, GM35 0.104 0.104 260 5800
PUR foam, rigid, GM37 0.113 0.113 290 5900
Polystyrene foam, GM47 0.180 0.18 342 4400
Polystyrene foam, GM49 0.210 0.21 372 4100
Polystyrene foam, GM51 0.185 0.185 340 4200
Polystyrene foam, GM53 0.200 0.2 360 4100
PVC-1 (LOI = 0.50) NA 0.098 NA NA
PVC-2 (LOI = 0.50) NA 0.076 NA NA
PVC (LOI = 0.35) NA 0.088 NA NA
PVC (LOI = 0.30) NA 0.098 NA NA
PVC (LOI = 0.25) NA 0.078 NA NA
Cable, PE/PVC 1 0.076 0.076 242 7300
Cable, PE/PVC 2 0.115 0.115 NA NA
Cable, PE/PVC 5 0.136 0.136 NA NA
NA not available
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14.3  The Influence of Visibility on Egress

One of the most well-known and used relationships between visibility (extinction 
coefficient) and walking speed is presented by Jin [4]. The values are presented in 
Fig. 14.1 and also included in Fig. 14.2. These tests were performed with a limited 
number of participants.

Frantzich and Nilsson [14] performed tests in a tunnel with these dimensions: 
36.75 m long, 5.0 m wide and 2.55–2.70 m high. In total 46 persons participat-
ed in the study, with an average age of approximately 22 years. The extinction 
 coefficient was measured using a 5 mW diode laser with a wavelength of 670 nm. 
The  measurements were performed at a height of 2 m in the tunnel with a sight 
distance of 1 m.

Material Ys (kg/kg)

Propane, 50 kW 0.0106
Propane, 200 kW 0.0063
Propane, 450 kW 0.0052
Heptane, 300 kW 0.0129
Toluene, 250 kW 0.100
Heptane/Toluene, 320 kW 0.082

Type of vehicle Dmass (m
2/kg)

Road
Car (steel) 381
Car (plastic) 330
Bus 203
Truck 76–102
Rail
Subway (speed) 407
Subway (aluminium) 331
IC type (steel) 153
ICE type (steel) 127–229
Two joined half-vehicles 
(steel)

127–178

Table 14.6  Mass optical 
 densities ( Dmass) for different 
types of vehicles [11, 12]

Type of cargo/material Dmass (m
2/kg)

Diesel 360–450
Wood/PE 13–82
Wood/PUR 47–138
Furniture/rubber 10–87
Cartons/PS cups 30–120

Table 14.7  Mass optical 
 densities ( Dmass) for different 
types of HGV cargo materials 
[13]

Table 14.5  Yield of soot for 
different fuels and different 
HRR [7]
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In their tests, Frantzich and Nilsson used the value K = 2 in Eq. (14.5) for calcu-
lating the visibility, that is, at the lower end of the interval reported to be valid for 
reflecting signs. One aim of the study was to verify the results by Jin. However, the 
extinction coefficient in the tests by Frantzich and Nilsson was found to be between 
2 m− 1 and 8 m− 1, while in the tests by Jin it was below 1.2 m− 1. Another difference 
between the tests was that Jin used black fire smoke while Frantzich and Nilsson 

Fig. 14.1  Relationship between the walking speed and the extinction coefficient for irritant and 
nonirritant smoke after Jin [4]
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Fig. 14.2  Relationship between the walking speed and the extinction coefficient for irritant and 
nonirritant smoke [15]. The graph is based on several different sources [16, 14, 17]
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used white artificial smoke with addition of acetic acid. It is difficult to say what 
these differences mean for the results. Frantzich and Nilsson have, however, shown 
that the equation for visibility is valid both for black fire smoke and for white artifi-
cial smoke [14]. The results from the walking speed tests are included in Fig. 14.2.

Based on the tests, Frantzich and Nilsson found the following relation [14]:

 (14.21)

when the general lighting (normal lighting inside the tunnel) was used, where uw is 
the walking speed. When the general lighting was not used, there was no statisti-
cally significant influence of the extinction coefficient on the walking speed. Fur-
thermore, Frantzich and Nilsson showed that there was an influence on the walking 
speed of the choice of walking along a wall or not [14].

The walking speeds registered by Frantzich and Nilsson were lower (varied be-
tween 0.2 and 0.8 m/s) than those measured by Jin. This is expected since the vis-
ibility was higher in Jin’s test series. Frantzich and Nilsson also argued that the 
measured walking speed should be multiplied by a factor lower than 1 to get an 
effective walking speed, taking into account both stops on the way and the fact that 
the persons did not take the closest way to the escape route. There was a large varia-
tion in this factor between the people participating in the tests with an average value 
of approximately 0.9. Also, the dependency of the extinction coefficient has a high 
uncertainty. Furthermore, it was concluded that the walking speed was in general 
higher for those walking along the tunnel wall for at least two thirds of the walking 
distance studied in the tests. The dependency on the extinction coefficient was also 
more evident in the cases where the test participants walked along the wall. The 
choice of route, therefore, seems important for determining the effective walking 
speed and there might also be other properties or conditions affecting the walking 
speed such as a person’s height and gender.

To increase the number of data points, Fridolf et al. performed tests similar to 
Frantzich and Nilsson with a span in extinction coefficients between 1.2 m− 1 and 
7.5 m− 1. The results are included in Fig. 14.2. They then combined their results with 
those of Frantzich and Nilsson and derived a new relationship for walking speed:

 (14.22)

or if visibility is used as the independent parameter:

 (14.23)

where K = 2 was used when calculating the visibility. The correlation with the ex-
tinction coefficient is statistically somewhat better ( R2 = 0.4132) than the correlation 
with the visibility ( R2 = 0.3612). Using the extinction coefficient directly also avoids 
the use of the constant K. In Fig. 14.3 the walking speed is shown as a function of 
visibility for the test series mentioned above [15]. Note that K = 3 was used when 
producing Fig. 14.3.

0.057 0.706w su C⋅= − +

0.1423 1.177w su C− +⋅=

0.5678 0.3033w su V⋅= +
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In the guidelines to the Swedish building code there are suggestions for walk-
ing speeds to be used in performance based design of means for evacuation [18]. 
Note that these guidelines are for buildings rather than tunnels. However, the basic 
unhindered walking speed is set to 1.5 m/s. Note also that the influence of visibility 
is not discussed in these guidelines, probably since high visibility (10 m for areas 
> 100 m2) is one of the design criteria. For children or people with disabilities (in 
mobility or orientation) the walking speed is set to 0.7 m/s. There is also a decrease 
in walking speed in stairways (0.6 m/s up and 0.75 m/s down) in relation to the basic 
unhindered walking speed.

Frantzich [19] has also shown an effect of people getting used to the surface and 
the conditions. In tests with evacuation of metro trains the walking speed near the 
train was 1.0–1.4 m/s while further away (130 m from the train) it was 1.0–1.8 m/s. 
The tests were run without smoke and with emergency lighting, but Frantzich ar-
gues that this adaption effect should exist also during evacuation in fire smoke or 
darkness. When the tests were performed in darkness (without smoke) the walking 
speed varied between 0.5 and 1.0 m/s.

Example 14.2 What is the walking speed in Example 14.1?

Solution: Using the equation proposed by Fridolf et al., Eq. (14.23) gives 
0.568 0.3 0.568 0.65 0.3 0.47 m/sw su V =⋅= + = +⋅ . One should here again note that 

this is based on K = 2 and that a value K = 3 is used to derive the graph in Fig. 14.3. 
One can still see that the visibility in this case is in the lower end of the graph and 
that the resulting walking speed is not very much higher than the constant value 
given by Eq. (14.23).
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Fig. 14.3  Walking speed as function of visibility [15]. The graph is based on several different 
sources [16, 14, 17]. Note that a value K = 3 was used to produce these results

 



383References 

Example 14.3 At what time has the fire in Example 14.1 reached a point where the 
walking speed is 0.9 m/s at a position 150 m downstream of the fire?

Solution: The heat release rate ( ) 210Q τ τ= ⋅  and τ = t – 150/2. Using this together 
with Eq. (14.18) give after some algebraic steps:

14.4  Summary

Visibility is very important for evacuation during a fire and, therefore, a very impor-
tant parameter for fire safety in a tunnel. In this chapter different methods to define 
and describe visibility have been presented and discussed. The main methods for 
estimating the visibility in smoke-filled spaces are to use either the mass-specific 
extinction coefficient or the mass optical density. For both methodologies there are 
experimental values available for some materials of interest. The focus has been 
on the mass extinction coefficient methodology, but at the end this method was 
compared and correlated to the mass optical density methodology. Values of these 
parameters for selected materials were presented and conversion of values for one 
of the parameters into the other was discussed. Finally, the effect on walking speed 
during egress was discussed and some methods for estimating walking speed were 
presented.
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Chapter 15
Tenability
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Abstract One of the most important issues during a fire in a tunnel is the pos-
sibility for a safe escape. During an evacuation, tunnel users may be exposed to 
toxic gases, radiation, high temperatures and dense smoke. In this chapter the most 
important consequences of exposure to gas components, radiation and convective 
heat are presented. Examples of asphyxiant and irritant gases and the effect on evac-
uating people are presented. Different models for estimating time to incapacitation 
and other endpoints due to exposure are discussed.

Keywords Tenability · Toxicity · Gas concentration · Carbon monoxide · Carbon 
dioxide · Oxygen · Hydrogen cyanide · Radiation · Convective heat

15.1  Introduction

During a fire, occupants in a building or a tunnel, or passengers in a train can be 
exposed to heat (high gas temperature or radiation), smoke, or toxic gases (toxi-
cants). This can inhibit evacuation, but also lead to incapacitation and finally death.

The levels of the production of smoke and different species are dependent 
on mainly three different parameters: the burning material, temperature and the 
ventilation conditions (oxygen concentration). The latter parameter is not only 
dependent on the overall availability of oxygen, but also on the spatial/geometrical 
arrangement of the burning material and the possibility for the oxygen to reach the 
combustion zone and mix with the pyrolysis gases. This is discussed in more detail 
in Chap. 7. Further, the effect of smoke on visibility, the escape and walking speed 
is presented in Chap. 14.

UK statistics show that “smoke” and “burns/smoke” (where the cause of death 
was ambiguous) cause a significant proportion of the UK fire deaths [1]. There was 
a peak in fire deaths in the UK in 1979, and since 1985 there has been an almost con-
stant decrease. Some suggested explanations for this reduction are the increased use 
of fire retarded furniture and the increased availability of low-cost smoke alarms. 
Also for nonfatal fire injuries the portion of hospital admissions caused by toxic 
gas inhalation is significant. Although these statistics are not specifically for tunnel 
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fires, the effect of smoke is very important for conditions during a tunnel fire and as 
mentioned above the fire smoke affects the possibilities for a safe escape, both due 
to reduced visibility and increased risk for incapacitation.

For a long time, carbon monoxide has been seen as the only important toxicant. 
The reason for this is that it was easily quantified in the blood and was routinely 
analysed for in forensic investigations. However, it has been shown that also other 
toxicants are important, for example, hydrogen cyanide and this chapter summa-
rizes the most common fire smoke toxicants, their effects and how to calculate the 
fraction of an incapacitation dose.

15.2  Combustion Products Related to Toxicity

The different parameters affecting the production of different toxic species are dis-
cussed in Chap. 7. In that chapter, it is concluded that the ventilation conditions 
are important for the chemical production and the hazards. In an under-ventilated 
fire situation the yield of major toxicants is higher. Furthermore, the total volume 
of effluents is greater [1]. The fire smoke toxicants can be divided into two groups: 
asphyxiant (or narcotic) gases and irritant gases. Particulates are also important.

Asphyxiant gases are the gases that prevent the uptake of oxygen or decrease 
the amount of oxygen delivered to the body tissue (For example, the brain tissue) 
and thereby cause hypoxia [1, 2]. This can lead to loss of consciousness and death. 
One can divide this group into two subgroups: simple and chemical asphyxiants, 
respectively [2]. The first group simply displaces oxygen, leading to a lower oxy-
gen concentration. Examples are nitrogen (N2) and carbon dioxide (CO2). Note, 
however, that CO2 in a fire situation can have other effects such as increasing the 
breathing rate leading to a faster inhalation of other more toxic gases. The CO2 can 
also have toxic effects at higher concentrations. At concentrations above 7 % there 
is risk for unconsciousness within a few minutes [3]. Chemical asphyxiants, on the 
other hand, affects a step in the electron transport chain system of the mitochondria, 
resulting in tissue hypoxia [2]. Examples of chemical asphyxiants are carbon mon-
oxide (CO) and hydrogen cyanide (HCN). In a fire situation also the consumption 
of oxygen can lead to a low O2 situation resulting in asphyxiant effects. In most fire 
situations toxic gases, for example CO, are present in lethal concentration before 
the oxygen concentration decreases to levels preventing survival. However, there 
are additive effects and the effects of low O2 concentrations should be included in 
calculations of incapacitations.

Irritant gases can affect the eyes and the upper respiratory tract, leading to imme-
diate incapacitation [1], but could also give long-term effects. Examples of irritants 
are given in Table 15.1.

The smoke also contains particles which are hazardous to health. Particulates in 
the smoke can prevent escape due to visual obscuration. The decreased visibility 
due to smoke slows down the walking speed of the people trying to escape from 
a fire. Furthermore, small particulates can also be inhaled and pose hazards to the 
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respiratory system. Depending on the size of the particulates, they can enter and 
affect different parts of the respiratory system. Examples of effects are fluid release 
and inflammation. Particulates smaller than 0.5 µm can cause interstitial and lumi-
nal oedema or enter the blood where they can trigger hazardous immune responses 
[1]. Particulates can also carry other hazardous species deep into the respiratory 
system. The particles are not discussed further here, while the visibility and the 
walking speed are discussed in Chap. 14.

In this introduction, as well as in the rest of this chapter, the main components of 
fire gases and those with known effects are presented and discussed. There might 
be other gases that are not often analysed for or with unknown effects that could be 
important for the overall toxicity in some situations.

15.3  Toxicity

15.3.1  Asphyxiants

Carbon monoxide is an asphyxiant gas and an important gas in connection with a 
fire. The toxic effect of CO is due to its combination with haemoglobin in the blood 
to form carboxyhaemoglobin (COHb). In Table 15.2, health effects at different 
COHb concentrations in the blood are summarized.

The toxicity of CO and its relationship to COHb and effects on the oxygen-
carrying blood capacity is well-known, but CO can have other adverse effects, for 
example interruption of energy production of cells, interference of oxygen deliv-
ery and other cellular activities [4]. These latter effects are not as well understood 
or widely discussed as the binding of CO producing COHb, resulting both in the 
haemoglobin not being able to transport as much oxygen and the oxygen being 
more tightly bonded to the haemoglobin. The values in Table 15.2 should be seen 
as examples and not as exact limits. A concentration of 50 % COHb is often taken 
as a threshold for lethality [3]. Nelson, however, reports that a larger variety can be 
expected and that the actual limit depends on the situation [4]. A lower level and 

Table 15.1  Examples of asphyxiant and irritant gases
Asphyxiants Irritants
Simple Chemical
Nitrogen (N2) Carbon monoxide (CO) Hydrogen fluoride (HF)
Carbon dioxide (CO2) Hydrogen cyanide (HCN) Hydrogen chloride (HCl)

Hydrogen bromide (HBr)
Nitrogen dioxide (NO2)
Sulphur dioxide (SO2)
Acrolein (C3H4O)
Formaldehyde (CH2O)

15.3  Toxicity 
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longer exposure can result in effects on the cellular processes and this can lead to 
fatalities at lower levels of COHb than if a person is subjected to shorter and higher 
exposures.

While CO decreases the possibilities for the blood to take up, carry and deliver 
oxygen to the tissues, HCN decreases the ability to use the oxygen delivered to 
the tissues [3]. By the formation of cyanide ions in the blood, hydrogen cyanide 
is approximately 25 times more toxic than CO [1]. The dynamics of HCN in the 
human body are, however, poorly understood and blood cyanide is not analysed as 
routinely as COHb. This is partly due to difficulties associated with the measure-
ment of HCN in the blood of a fire victim and the decay of HCN levels in the blood 
after mortality.

Low oxygen concentrations can cause hypoxia effects similar to those caused by 
CO and HCN. In most cases, heat exposure or toxic cases have reached lethal limits 
before oxygen concentration has decreased below tenable levels (approximately 
6 %) [1]. CO2 affects the time to incapacitation in two ways. At low concentrations, 
CO2 stimulates breathing, that is, increases the breathing rate (RMV = Respiratory 
minute volume rate). This increases the uptake of other toxic gases. At high 
concentrations (above approximately 5 %) CO2 becomes an asphyxiant, although 
not additive to the effects of CO and HCN.

15.3.2  Irritants

Irritant gases are important when determining the possibility for people to escape 
from a fire. These gases can be both inorganic (For example, hydrogen chloride 
(HCl)) and organic (For example, acrolein).

The inorganic irritants halides HCl and HBr dissociate totally in water and are 
strong acids. Hydrogen fluoride (HF), another halide, is a very irritating gas. Fur-
thermore, nitrogen dioxide (NO2) can form nitric and nitrous acid when dissolved. 
These acids can at high concentrations cause pulmonary oedema and death [1]. The 
effects of different concentrations of HCl and HF are given in Tables 15.3 and 15.4, 
respectively.

The main effect is irritation of mucous membranes, for example, in the eyes, 
upper respiratory tract, and to some extent the lungs. The effects include tears and 

Table 15.2  Summary of health effects at different COHb levels [5]
COHb level [%] Effect
10 Asymptomatic or headache
20 Dizziness, nausea and dyspnea
30 Visual disturbance
40 Confusion and syncope
50 Seizures and coma
≥ 60 Cardiopulmonary dysfunction and death
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reflex blinking, pain in the nose, throat and chest, breath-holding and laryngeal 
spasm. Another effect is that the gases can cause oedema and inflammation in the 
lungs, leading to death 6 to 24 h after exposure [3]. In Table 15.5, limiting values are 
summarized for irritant organic gases as presented by different references.

15.4  Fractional Effective Dose, FED

The general method when estimating the toxicity of a smoke composition is to 
assume that the effects of the individual toxicants are additive, and in this sum for 
each toxicant express the concentration as its fraction of the lethal concentration 
(LC50 value), the latter estimated to be lethal for 50 % of the population for a 30 min 
exposure. To calculate this, one uses the fractional effective dose (FED) which 
according to ISO 13344 is defined as “ratio of the exposure dose for an asphyxiant 
toxicant to that exposure dose of the asphyxiant expected to produce a specified 

Table 15.3  Effects of different concentrations of HCl
HCl concentration 
[ppm]

Effect References

10 Tolerable exposure [1]
10–50 Perceived as irritant, but work is possible [3]
50–100 Tolerable for one hour [1]
100 Severe irritant effects [1]
200 Predicted to impair escape in half the human population [3]
309 Mouse RD50 [3]
900 Incapacitation in half the human population [3]
1000–2000 Thought to be dangerous for humans for short exposures [1, 3]
2600 Lethal concentration for mice after 30 min exposure [1]
3800 Lethal concentration for rats after 30 min exposure [3]
4700 Lethal concentration for rats after 30 min exposure [1]
15000 5-min lethal exposure limit concentration in rats and baboons [3]

Table 15.4  Effects of different concentrations of HF
HF concentration [ppm] Effect References
62 30 min AEGL-3 [6, 7]
170 10 min AEGL-3 [6, 7]
200 Predicted to impair escape in half the human 

population
[3]

500 Incapacitation [8]
900 Incapacitation in half the population [3]
2900 30-minute exposure LC50 concentration [3]

15.4  Fractional Effective Dose, FED 
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effect on an exposed subject of average susceptibility”, that is in this case 50 % 
lethality. This can be described mathematically as

 (15.1)

where Ci is the concentration of the toxic component i. One model often used is the 
N-gas model presented in ISO 13344 [11]:

[ ]
[ ]

[ ] [ ] [ ] [ ]
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= + + + +

−
m

FED
b 

(15.2)

where m is the slope of the CO-vs-CO2 curve and b is the intercept of the CO-vs-
CO2 curve, which depicts the increasing toxicity of CO as the CO2 concentration 
increases. [CO], [CO2] and [O2] are concentrations expressed in percent by volume, 
while [HCN], [HCl] and [HBr] are concentrations expressed in ppm by volume. 
The values of the gas concentrations are the integrated product values ( · )C t  over 
a 30-min test period divided by 30 min. FED in Eq. (15.2) describes the fractional 
effective dose based on lethality.

The values of the parameters m and b in Eq. (15.2) depend on the concentra-
tion of CO2. If [CO2] ≤ 5 %, m = − 18 and b = 122000. If [CO2] > 5 %, m = 23 and 
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Table 15.5  Limiting values (irritant and lethal concentrations) for irritant organic gases
Substance IDLH (ppm) OEL, 15 min 

(ppm)
RD50 Mousec 
(ppm)

Severe sensory 
irritancy in 
humans (ppm)

30-min LC50 
Mammal (ppm)

Reference [9] [10] [3] [3] [3]
Acetaldehyde 2000 50a 4946  > 1500 20000–128000
Acrolein 2 0.3a 1.7 1-5.5 140–170
Acrylonitrile 6 85 10–100  > 20 4000–4600
Benzene 500 3a – – –
Crotonalde-
hyde

50 – 10–100 4–45 200–1500

Formaldehyde 20 0.6b 3.1 5–10 700–800
Phenol 250 2a 10–100  > 50 400–700
Styrene 700 20a 980  > 700 10000–80000
Toluene 500 100a – – –
Toluene 
2,4-diisocya-
nate

2.5 0.005b 0.20 1.0 100

a Short-term value
b Ceiling limit value
c Where spans are given, ranked according to their reported irritancy in humans [3]
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b = − 38600. Note that in ISO 13344, the values used as LC50-values in Eq. (15.2) 
are those presented for rats by Levin (see Table 15.6, where LC50 values from other 
sources are also given). According to ISO 13344, 5700 ppm leads to death (rats) for 
a 30 min exposure [11].

As can be seen in Eq. (15.2), the effect of the increased respiration rate due to 
high concentration of CO2 was only assigned to alter the effect of CO. Purser de-
veloped a model where the effect of hyperventilation influences the effect of all the 
toxic species. Furthermore, carbon dioxide can be toxic by itself and this effect is 
included as an acidosis factor ZA.

 (15.3)

where [CN] is the HCN concentration, expressed in ppm, corrected for the presence 
of other nitriles and the protective effect of NO2, and is given by Eq. (15.4).

 (15.4)

[X] is the concentration (ppm) of each acid gas irritant and [Y] is the concentration 
(ppm) of each organic irritant. The multiplication factor for CO2-driven hyperven-
tilation is expressed as

 (15.5)

ZA is an acidosis factor equal to [CO2] × 0.05.
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Table 15.6  LC50 concentrations (30 min) for selected gases common during fires
Compound Rats (Levin) 

[12]
Rats (ISO 13344) 
[3, 11]

Rats [1] Mice [1] Primates [1]

CO (ppm) 5700 5300–6600 3500 2500–4000
low O2 (%) 5.4 7.5 6.7 6–7
HCN (ppm) 150 165 110–200 165 170–230
HCl (ppm) 3700 3800 3800 2600 5000
HBr (ppm) 3000 3800
HF (ppm) 2900
SO2 (ppm) 1400
NO2 (ppm) 170
Acrolein (ppm) 150
Formaldehyde 
(ppm)

750
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15.5  Fractional Effective Dose for Incapacitation

In Sect. 15.4, the lethal exposures are discussed. In this section, the focus is the time 
to incapacitation (or partial incapacitation), that is, the conditions that will lead to 
incapacitation (and not immediate death), which will prevent evacuation and in turn 
significantly increase the risk for lethality in the end. For this a fractional effective 
dose (FED) for incapacitation (or fraction of an incapacitating dose) is calculated. 
The fraction of an incapacitating dose for all asphyxiant gases (excluding effects of 
irritants), FIN, can then be written (for a certain time step):

 (15.6)

where the total fraction of an incapacitation dose is calculated from the contribu-
tions from CO, HCN and low concentration of O2. In addition, CO2 affects the 
breathing rate increasing the effect of CO and HCN. The different contributions are 
described and explained below.

The calculations are based on the expressions given by Purser [3]:

 (15.7)

where FI is the fraction of an incapacitating dose, [CO] is the concentration of CO 
(in ppm) during the time step, RMV is the breathing rate (25 L/min for light activ-
ity), tn − tn −1 is the length of the time step (min), and I is the COHb (carboxyhae-
moglobin) concentration at incapacitation (30 % for light activity). Using values for 
light work, Eq. (15.7) can be simplified to:

 (15.8)

Values to be used in Eq. (15.7) for other levels of activity can be found in Ta-
ble 15.7. Death is likely to occur for COHb above 50 %. Note, however, that the 
RMV decreases (to approximately 6 L/min) after incapacitation.

For the effect of HCN on the fractional effective dose of incapacitation the fol-
lowing equation has been derived [3]:
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Table 15.7  Activity dependant variation in parameters for the fractional effective dose for inca-
pacitation by carbon monoxide [13]
Activity RMV (L/min) I (%COHb)
Resting or sleeping 8.5 40
Light work—walking to escape 25 30
Heavy work—slow running, walking up stairs 50 20
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 (15.9)

where [HCN]n is the concentration of HCN (in ppm) during the time step.
Simplified expressions for FI nCN , have been developed and Purser suggests the 

following expression [14]:

 (15.10)

which is also described in ISO 13571 [8].
A correction similar to the one expressed in Eq. (15.4) could be done, that is, 

considering additional effects of other nitriles and some protective effects of the 
presence of NO2. However, their effects are small in comparison to the effect by 
HCN and Purser suggests that one could ignore the effects of other nitriles and NO2 
and only take the concentration of HCN into account, as described in Eq. (15.10) 
[14].

To calculate the effect of decreased concentration of oxygen, the following equa-
tion can be used [3]:

 (15.11)

where [O2] is the concentration of O2 (in vol-%) during the time step.
The fraction of an incapacitating dose for all asphyxiant gases (excluding effects 

of irritants), FIN, can then be calculated using Eq. (15.6) for each time step with

 (15.12)

as the multiplying factor for the enhanced uptake of asphyxiant gases (other than 
CO2) due to induced hyperventilation where [CO2] is the concentration of CO2 (in 
vol-%) during the time step, and RMVr is the resting RMV (7.1 L/min is used).

A simplified equation has been suggested [3]:

 (15.13)

The total fraction of an incapacitating dose is calculated as the sum of many time 
steps:
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 (15.14)

Since the asphyxiant effect of CO2 is not additive to the effects of the other gases it 
is not included in Eq. (15.6). However, the fraction of an incapacitating dose of CO2 
can be calculated separately as

 (15.15)

Purser [3] summarized tenability limits for incapacitation or death when exposed to 
some common asphyxiants in fire gases. These are presented in Table 15.8.

If a situation with constant gas concentrations is assumed the time to incapacita-
tion can be calculated as:

 (15.16)

Example 15.1 An escaping person is during 5 min exposed to an environment con-
taining 1000 ppm CO, 0.5 % CO2, and 20.2 % O2 followed by a period with the com-
position 5000 ppm CO, 3 % CO2 and 16.5 % O2 during an additional 2.5 min. of 
exposure Calculate the total fraction of an incapacitating dose for the escaping person.

Solution: Since the asphyxiant effect of CO2 is not additative to the effects of the 
other gases and becomes an asphyxiant above approximately 5 %, we do not in-
clude CO2 in the calculations more than for the multiplying factor according to 
Eq. (15.13). This gives together with Eqs. (15.7), (15.10) and (15.11):
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Table 15.8  Summary of tenability limits for incapacitation or death for some in fire gases com-
mon asphyxiants [3]
Species Five minute exposure Thirty minute exposure

Incapacitation Death Incapacitation Death
CO (ppm) 6000–8000 12000–16000 1400–1700 2500–4000
HCN (ppm) 150–200 250–400 90–120 170–230
Low O2 (%) 10–13 < 5 < 12 6–7
CO2 (%) 1–8 > 10 6–7 > 9
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This (FI > 1) means that it is probable that the escaping person will be incapacitated 
before reaching a safe haven.

The discussion above focused on the gas composition. However, the temperature 
(heat exposure) also affects an escaping occupant. There are mainly three different 
ways heat exposure can be a threat: body surface burns, hyperthermia and respira-
tory tract burns. The heat exposure can cause both incapacitation and death due to 
hyperthermia.

In dry air, respiratory tract burns do not appear without skin burns, that is, the 
tenability limits for skin burns are in most cases lower than corresponding limits 
for respiratory tract burns. However, in cases with air saturated with water vapour, 
respiratory tract burns can occur when inhaling air with a temperature higher than 
60 °C [1]. A convective heat flow with a temperature above 120 °C could be very 
painful and give skin burns within minutes. The tenability limit for radiant heat 
flux on skin is, according to Purser, approximately 2.5 kW/m2 [3]. The same level 
is used in the Swedish building regulations [15]. It has been noted that below this 
limit, the heat flux can be tolerated for at least several minutes and does not affect 
the possibilities for evacuation. However, at this level (2.5 kW/m2) the radiation can 
be tolerable for approximately 30 s and for a radiation of 10 kW/m2 the time limit 
is 4 s [3].

Above the level 2.5 kW/m2 the time to different effects due to the exposure can 
be calculated by

 (15.17)

where r is the radiant heat exposure dose [(kW/m2)4/3] required to reach a certain 
endpoint. In Table 15.9, values of r for some endpoints are given [3].

For convective heat, Purser presents a relationship that is the same as the one for 
a unclothed or lightly clothed person according to SS-ISO 13571:2012 [8]

 (15.18)

where T is the gas temperature (°C). In the ISO standard, there is also an expression 
for exposure of convective heat for a fully clothed person:

 (15.19)
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Table 15.9  Required radiant exposure dose for different exposure dose endpoints [3]
r [(kW/m2)4/3] Exposure dose endpoints
1.33 Tolerance limit, pain, first-degree burns
10 Severe incapacitation and second-degree burns
16.7 Fatal exposure and third-degree burns
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The convective effect depends on the humidity and Eq. (15.18) tends to follow the 
100 % humidity line (worst case). Purser also presented another equation for time 
tolerance under mid-humidity conditions [3]:

 (15.20)

which also fits better to empirical data.
The selected equation for the effect of the convective heat exposure can be used 

together with Eq. (15.17) to calculate the fractional effective dose of heat:

 (15.21)

15.6  Large-Scale Example of Fraction 
of an Incapacitation Dose

In 2003, tests were performed in the Runehamar tunnel [16–18] with a set-up simu-
lating a heavy goods vehicle (HGV) with cargo. The tunnel is a 1600 m long aban-
doned road tunnel. During the four tests performed, different mixtures of cellulosic 
material and plastics were used as fuel. Gas was sampled at different heights at a 
measurements station, 458 m from the centre of the fire. Since some of the measure-
ments are only available at the height 2.9 m above the road, all gas concentrations 
has been evaluated as this height. This is higher than the height representative for 
a person in the tunnel, but this choice was made to be able to compare the different 
contributions to the fraction of an incapacitating dose.

The HCN analyses are described by Brandt [19]. The HCN concentrations are 
affected with some uncertainties. The HCN concentration is, for example, below 
zero during different time periods in the tests T1, T3 and T4 (only positive values 
were used in the calculations). Therefore, the total fraction of an incapacitating dose 
is given both with and without the effect of HCN. For the calculation, Eqs. (15.6), 
(15.8) and (15.10) were used. In Fig. 15.1, the individual contributions of O2 and 
CO, respectively, are presented separately for test T2 (mainly wood pallets and 
PUR mattresses). In Fig. 15.1, also the fraction of an incapacitating dose due to the 
asphyxiant effect of CO2 (Eq. (15.15)) is included. This effect is not additive to the 
effect of the other gases and is not included in the total fraction of an incapacitating 
dose.

The HCN concentration significantly affects the time to incapacitation ( FI = 1). 
In these tests, incapacitation is quickly reached (within a few minutes from the 
start of the increase). In all four tests, significant amounts of HCN were produced. 
HCN is formed in a fire during combustion of nitrogen-containing materials. In the 
Runehamar test series, the polyurethane mattresses in test T2 are the most obvious 
nitrogen source (analyses show 4.6 % (by weight) is nitrogen). Further, the fuel was 
placed on particle boards in all the tests. The nitrogen content of these boards were 
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not analysed, but a nitrogen content of the order of a few percent has been reported 
in other cases [20, 21]. Wood also contains nitrogen, but to a lower extent, 0.1 to 
0.2 % (by weight) [22, 20, 23]. The formation of HCN is affected by the combustion 
conditions. High temperatures and under-ventilated or vitiated condition favour the 
formation of HCN [24–26].

Even without HCN included, incapacitating dose is reached fairly quickly, 
approximately 5 min after the start of the increase. It should be noted that the 
transport time is not subtracted, that is, the time in the graphs is the time at the 
measurement station after ignition.

The fraction of an incapacitating dose (FI) for heat exposure based on the 
Runehamar test T2 is compared with the results for asphyxiant gases in Fig. 15.2. 
Incapacitating dose for a lightly clothed person (Conv, L) is reached after 25 min, 
that is, in T2 the convection curve is far behind the one for asphyxiant gases. In the 
case with a fully clothed person (Conv, F), the level of incapacitating dose is not 
reached. It should be remembered that the calculations presented here are based 

Fig. 15.1  Fraction of an 
incapacitating dose for 
asphyxiant gases analysed 
during test T2 in the Rune-
hamar tunnel 2003 [18]

 

Fig. 15.2  Fraction of an inca-
pacitating dose for convective 
heat exposure compared with 
asphyxiant gases for test T2 
in the Runehamar tunnel test 
series from 2003 [18]
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on measurements performed 458 m from the seat of the fire. The effect of the heat 
exposure will increase closer to the fire. In the work presented by Ingason et al. [27] 
it was shown that in most cases (scenarios), the temperature and radiation quickly 
increases above critical values for the occupants in the tunnel. Another conclusion 
from the same work was that the calculations showed a critical value of 75 MW 
above which it can be difficult for the occupants in the tunnel to reach the escape 
routes and survive the fire. If no evacuation is started, only the smallest fire (8 MW) 
can be survived. During a bus fire (25 MW), critical levels can be reached after long 
exposure times and for larger fires, the critical values are relatively rapidly reached. 
The occupants in the cases of no evacuation were assumed to be either 70 or 150 m 
from the fire.

The results given in this section should be seen as an example of the influence 
of gas composition and heat on the fraction of an incapacitating dose. The condi-
tions in a specific situation during a fire in a tunnel are very complex and several 
parameters, for example, the degree of activity of the occupants, affect the results. It 
should also be noted that age and different kinds of impairment (For example, dis-
ease and physical conditions) significantly affects the critical COHb level (COHb 
levels found in victims) [4]. The results do confirm, however, the importance of the 
first minutes during a tunnel fire for the ability of the occupants in the tunnel to es-
cape the incident. Note that, the criteria FI = 1 relates to a limit at which 50 % of the 
population would be expected to experience tenable conditions, while 50 % would 
be expected to experience compromised tenability [8]. Therefore, it is important to 
use more conservative numbers for a designer, authority or fire safety engineer. On 
the other hand, the fast increase (t2) of many fires means that uncertainties due to 
variations in the individual susceptibility have a relatively small effect on the pre-
dicted times to incapacitation [3].

15.7  Irritant Gas Model

For evaluating the effect of irritant gases, often the concept of fractional effective 
concentration (FEC) is used. This means that the FEC is determined for each time 
step for each irritant and the time when the sum of the FEC for each irritant exceeds 
a certain threshold represents the time when a specific tenability limit is exceeded. 
This can be expressed as [8]

 (15.22)
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where the values of IC (incapacitating concentration) for each irritant represent a 
concentration (ppm) when the tenability is seriously compromised. In Table 15.10, 
values are presented for IC for the irritants in Eq. (15.22).

Except for HCl, many of the gases in Eq. (15.22) and Table 15.10 are not ana-
lysed for or not detected in most fire tests. Lönnermark and Blomqvist, however, 
reported yields for some of the species in connection with a car fire test [28]. These 
yields are presented in Table 15.11.

15.8  Acceptance Criteria

In Sect. 15.5, different aspects of tenability were presented. The fraction of an in-
capacitation dose can be used when modelling an evacuation situation in perfor-
mance-based design using advanced computer models or one dimensional dynamic 
fire development and change in the tunnel environment at different positions. In 
addition to this, there are several sources of acceptance criteria or acceptable ex-
posure. The main issue is to ensure safe egress. There are several different factors 
affecting escape from a tunnel. The parameters that will be included here are vis-
ibility, gas temperature, radiation and toxic gases. Visibility was also discussed in 
detail in Chap. 14.

Different acceptance criteria have been suggested for these parameters. In the 
EU project UPTUN an analysis of different aspects were performed and the values 
given in Table 15.12 were suggested [29].

Within a Swedish project aiming at developing a proposal for a Swedish perfor-
mance-based design guide for fire safety in road tunnels different acceptance crite-
ria were also discussed [30]. These are also included in Table 15.12. The Swedish 

Irritant IC (ppm)
HCl 1000
HBr 1000
HF 500
SO2 150
NO2 250
Acrolein 30
Formaldehyde 250

Table 15.10  IC values for 
some irritants [8]

Irritant Yield (g/kg)
HCl 2400
SO2 5.0
Acrolein < 0.3
Formaldehyde 1.1

Table 15.11  Yields of some 
irritant gases from a car 
fire [28]
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Transport Administration (Trafikverket) has published advice related to technical 
requirements for road and rail tunnels in Sweden [31]. These are presented under 
TRVR in Table 15.12. For comparison also values to be used for performance-
based (analytical) design of buildings in Sweden (BBRAD 1) [15] are included in 
Table 15.12.

In the UPTUN report, specific acceptance criteria were also given for the fire and 
rescue services [29]:

• Gas temperature ≤ 100 °C
• Radiation ≤ 5 KW/m2

• Toxic gases: no limitation due to breathing apparatus (BA)
• Visibility: No limitation due to infra-red cameras

Table 15.12  Examples of acceptance criteria for different types of exposure
Parameter UPTUN [29] FKR-BV12 [30] TRVR [31] BBRAD1 [15]
Visibility ≥ 10 m 10 m in 

unknown env.
5 m in known 
env.
Height below 
smoke layer
 > 1.6 m + 
H × 0.1 m

10 m in spaces
 > 100 m2

5 m in spaces 
≤ 100 m2

Height below smoke 
layer
 > 1.6 m + Hroom × 0.1 m

Gas temperature ≤ 60 °C < 80 °C < 80 °C ≤ 80 °C
Radiation 
(kW/m2)

≤ 2 kW/m2 < 2.5 kW/m2 < 2.5 kW/m2 or 
short duration 
of < 10 kW/m2

≤ 2.5 kW/m2

Toxic gases FItot < 1a [CO2]  5 %
[CO]  > 2000 ppm
[O2] > 15 %
during max 1 min 
or 
FItot  0.3 (includ-
ing at least CO, 
CO2, O2 and 
HCN)

[CO2] >  5 %
[CO] > 2000 ppm
[O2] > 15 %

Heat ≤ 60 kJ/m2 + the 
energy from 
a radiation of 
1 kW/m2

≤ 60 kJ/m2 + the 
energy from a radia-
tion of 1 kW/m2

a In a similar way as described by Eq. (15.6)



401References

15.9  Summary

Occupants in a tunnel can during escape be exposed to different types of haz-
ards. In this chapter, the most important consequences of exposure to main gas 
components, radiation and heat are presented. The effects of the most common 
asphyxiant (CO and HCN) and irritant gases are given. Since one of the most 
important issues during a fire in a tunnel is the possibility for a safe escape, differ-
ent exposures affecting the escape are discussed. The effects often depend on both 
the concentration and the time of exposure. Different models for estimating time 
to incapacitation and other endpoints due to exposure are discussed. These models 
are useful when estimating the possibilities for escape from a fire situation. This 
is exemplified by using data from full-scale fire tests. In some guidelines, there 
are absolute levels given for exposure and in this chapter some such examples are 
given and discussed.
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Chapter 16
Fire Suppression and Detection in Tunnels

© Springer Science+Business Media New York 2015 
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Abstract The basic concepts of fire suppression systems are depicted. There are 
mainly two water-based fire suppression systems used in tunnels, that is, water 
spray systems and water mist systems. The main differences are the water density, 
pressure, and droplet size. The extinguishment mechanisms are explored and the 
critical conditions at extinction are discussed. Further, suppression of realistic fires 
is discussed considering both the water flow rate and the total water flow rate used 
for fire suppression. A summary of fire suppression tests carried out in tunnels is 
presented followed by a short discussion of tunnel fire detection.

Keywords Fire suppression · Deluge · Water spray · Water mist · Surface cooling · 
Gas cooling · Extinction · Critical water flow rate · Fire detection · Fire tests

16.1  Introduction

Sprinkler systems in buildings and warehouses have now been used for over 
100 years. The definition of a sprinkler system for buildings is found in NFPA13 
[1]. The use of sprinklers in tunnels began in Japan in 1963 [2], however, there is 
still confusion about how to design sprinkler systems in tunnels. The most common 
system to date used in tunnels is the Fixed Fire Fighting Systems (FFFS), which 
includes all types of fixed water-based systems and foam-based systems. This clas-
sification depends on what the main extinguishing medium is. If the system uses 
a foam agent as the main extinguishing medium (light water foam, compressed air 
foam) it is referred to as a ‘foam system’. On the other hand, if the system uses wa-
ter as the main extinguishing medium (even with a small amount of foam additives), 
it is referred here to as a “water-based system”.

The nomenclature used also depends on how the systems are constructed, acti-
vated, and operated. The most common systems applied in tunnels nowadays oper-
ate in zones ( deluge systems), however, a few systems are activated by individual 
bulbs ( automatic systems) which are the same as those used in buildings.
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For clarification, when discussing “FFFS” or “sprinklers” in this chapter it means 
all types of water-based FFFS by default.

Water-based systems can be divided into water spray systems and water mist sys-
tems, depending on the operating pressure and the water droplet size. If the system 
operates under low pressure (generally several atmospheric pressure), it is usually 
called a ‘water spray system’, whereas if it operates under high pressure (gener-
ally over 10 atm) with very small droplets it is referred to as a ‘water mist system’. 
Water mist systems can be subdivided into low pressure water mist systems (around 
10 atm) and high pressure water mist systems (For example, 80 atm). Water spray 
systems and water mist systems (that is, water-based systems) are usually operated 
in zones that are remotely controlled by valves. More details on different types of 
systems are given in Sect. 16.2.

Depending on the performance in relation to a given fire, FFFS can be classified 
in different ways, however, there are no standard design fires against which the per-
formance of the FFFS in tunnels can be tested or classified. Usually, one discusses 
the performance of water based FFFS in tunnels in terms of

• suppression of the fire,
• control of the fire, or
• thermal management of the fire.

The word ‘fighting’ from the acronym FFFS can be misleading in terms of perfor-
mance of the system. The first priority is activation of the system (if necessary), 
then to protect the tunnel structure, reduce and prevent further development of the 
fire, and to mitigate the hazardous situation for tunnel users. It also should be a 
complement to firefighting operations.

Fire suppression, according to NFPA13 [1], is defined as “sharply reducing the 
heat release rate (HRR) of a fire and preventing its regrowth by means of direct and 
sufficient application of water through the fire plume to the burning fuel surface”. 
In the road tunnel standard NFPA 502, Standard for Road Tunnels, Bridges, and 
Other Limited Access Highways [3], suppression is explained in the informative 
part of the standard as “Fire suppression systems are designed to arrest the rate of 
fire growth and significantly reduce the energy output of the fire shortly after opera-
tion”. This text is more general than that written in NFPA13 [1].

Fire control is defined in NFPA 13 as “Limiting the size of the fire by distribu-
tion of water so as to decrease the HRR and pre-wet adjacent combustibles, while 
controlling ceiling gas temperatures to avoid structural damage”. NFPA502 [3] 
reads “Fire control systems are designed to significantly reduce or stop the rate of 
fire growth, but not necessarily to reduce the energy output of an established fire”. 
Here again, the text in NFPA13 is more detailed and specific.

The term thermal management could be related to the term “volume cooling sys-
tems” described in the Annex of NFPA502: “Volume cooling systems are designed 
to reduce the temperature of heated products of combustion, and of systems and 
tunnel structures, but may not have any direct effect on fire size or fire growth rate.”
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There is one more performance possibly achieved by sprinkler systems, namely 
extinguishment or extinction. This means, a complete elimination of the fire HRR 
and protection of all the surfaces shortly after the system is activated. However, 
in tunnels extinguishment is mostly not the FFFS design objective. Further, most 
systems work in deluge mode, that is, operate in zones with a given water density. 
In contrast, in buildings extinguishment is much more easily obtained because most 
sprinkler heads operate automatically. This means that at the early stages of a fire 
the sprinklers right above the fire can operate with a very high water density. In 
Fig. 16.1, a sketch explaining each of the terms is given.

The terminology of “suppression” commonly used in tunnel fire safety may be 
slightly misleading as it is generally not meant to extinguish the fire or suppress 
it completely or efficiently. The idea is to arrest the flame volume so that the heat 
feedback is reduced immediately. At the same time, there is a need for delivery of 
water to cool the fuel surface to such a degree that the pyrolysis process is reduced 
significantly, although not completely. Usually, fires in solids are deep-seated and in 
order to extinguish the fire additional water density is required. The main difference 
between suppression and extinction is therefore the amount of water that reaches 
the fuel surfaces per unit area. When automatic sprinkler heads activate at an early 
fire stage in buildings they usually have an overcapacity in relation to their design 
criteria whereas deluge systems in tunnels do not. They simply deliver the designed 
amount of suppression media in each zone. On the other hand, they can cover larger 
areas and the risk that the fire will escape is significantly reduced. The idea of con-
trolling fires instead of suppressing them comes from the awareness that a sprinkler 
system is designed to cover a certain area when all the nozzles have activated. In 

Fig. 16.1  A schematic of the performance objectives of water-based FFFS
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any case, the applied water density should be enough to control the fire, that is, 
control the rate of burning, and protect the structure.

The terminology of water density is related to the fuel that should be protect-
ed, however, it has been adapted to tunnels without any clear correspondence to 
the type of fuel. Numerous experiments were conducted in 1960–1990 with pool 
fires (sometimes referred to as Class B fires), and cars, small trucks and buses [2] 
(sometimes referred to as solid material or Class A fires). These results provided 
a basis for designing tunnels with 6 mm/min (6 l/(min m2)) water density, which 
implies that a water density of 6 mm/min for a deluge system should be enough to 
control and prevent fire spread. In Australia, the water density in deluge systems is 
in the range of 7.5–10 mm/min, although tests using deluge systems with that den-
sity were not carried out in tunnels when adopting it. Large-scale tests using 8 and 
12 mm/min have been conducted by the Land Transport Authority (LTA) in Singa-
pore with good results [4, 5]. In the Benelux tests [6], water density of 12 mm/min 
were used. Most water mist systems use much lower water density, on the order 
of 1–4 mm/min.

It is interesting to compare these water densities with the NFPA13 standard for 
buildings. Figure 16.2 shows the water design area of the sprinkler system as a 
function of the water density. As the design area increases the water density require-
ment decreases, although the total applied water flow rate increases. The choice of 
a design line is based on the classification of the expected fuel load and activity in 
the building. The hazard groups are divided into different categories, see Fig. 16.2. 
Examples are given of different occupancy groups (three examples for each group 
are given here, for others see NFPA13):

Fig. 16.2  A graph of necessary water density for sprinkler systems given in NFPA13
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• light hazard occupancies
− churches
− hospitals
− restaurant areas

• Ordinary hazard occupancies (group 1)
− Automobile parking
− Electronic plants
− Laundries

• Ordinary hazard occupancies (group 2)
− Chemical plants
− Machine shops
− Paper process plants

• Extra hazard occupancies (group 1)
− Plywood and particle board manufacturing
− Saw mills
− Upholstering with plastic foam

• Extra hazard occupancies (group 2)
− Flammable liquid spraying
− Plastic processing
− Solvent cleaning

It is clear from this classification that there is a correlation to tunnel occupancy in 
the form of vehicles and other types of fuel load, for example in the cargo of a heavy 
goods vehicle (HGV). The sprinkler systems are designed to control the fire within 
a given design area (area of operating sprinklers). According to NFPA13, this area 
varies from 140 to 465 m2, as shown in Fig. 16.2. If we assume that we have a tunnel 
that is 10 m wide, this would correspond to a zone length of about 15–50 m, which is 
within the size of zone lengths designed for tunnels today. In Sect. 16.2, these zone 
lengths will be discussed in more detail. In tunnels, the average fuel density over the 
protected zone is usually much lower than in buildings, although the local fuel density 
in tunnels could be higher. Further, the ventilation conditions are very much different 
in tunnels and can play an important role. It is, however, clear that the water density 
design for tunnels has a reasonable correspondence with building water density.

16.2  Basic Concepts of Fire Suppression Systems

In the following text, a detailed description of different types of FFFS is given. As 
mentioned earlier, the fire suppression systems in tunnels can be categorized into 
water-based FFFS and foam systems. Water-based FFFS can be subdivided into 
deluge water spray systems and water mist systems, both with and without the use 
of foam additives. All of these systems have been applied to tunnels, although del-
uge systems without additives represent the vast majority of the installed systems.
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16.2.1  Deluge Water Spray System

16.2.1.1  General Description

Deluge water spray systems consist of open sprinklers1 or water spray nozzles2 
attached to pipework at the tunnel ceiling. The pipework consists of mains pipes, 
manifold pipes, feed mains, and branch pipes. The sprinklers or nozzles are attached 
to the branch pipes, which are typically arranged in a uniform pattern at the ceiling 
to distribute spray to all sections of the roadway. The branch pipes are connected to 
a feed main which is connected to a deluge valve. The deluge valve is mounted on 
a manifold attached to a mains pipe that is supplied by one or more water reservoirs 
or fire pump stations. Mains pipes are normally water-filled up to the point of con-
nection to the deluge valve. Therefore, the mains pipe and the deluge valves must 
be protected against freezing. The deluge valve separates the water-filled mains 
pipe from the empty (dry) feed main and branch pipes supplying the sprinklers or 
spray nozzles. When the deluge valve is opened, water flows into the feed main and 
branch pipes and discharges from the open sprinklers.

The branch piping is divided into deluge zones, typically 25–50 m in length, 
each served by its own deluge valve. An independent fire detection system that is 
capable of locating a fire accurately is required, so that the deluge valve serving 
the zone where the fire is located can be released. The deluge valve can be opened 
either automatically by the detection system, or manually by a signal from the tun-
nel operator. If an incident occurs on the boundary between two deluge zones, both 
zones may need to be activated. When the deluge valve opens, water flows into the 
feed main and branch piping and discharges from all sprinklers or nozzles in that 
deluge zone. As the water spray nozzle (or sprinkler head) orifices are open, the 
branch piping is at atmospheric pressure until water is introduced. A water spray 
system has a time delay between detection of a fire and the discharge of water 
from the sprinklers or nozzles due to the time required to operate the valve (which 
depends on whether activation is automatic or manual) and to fill the branch piping 
network with water and reach the desired operating pressure.

According to recommendations provided in NFPA 502 [3], standard water spray 
nozzles should be spaced such that the coverage of the water spray extends to the 
roadway shoulders and, if applicable, maintenance and patrol walkways. The sys-
tem should be designed with sufficient water capacity to allow simultaneous op-
eration of at least two consecutive deluge zones, but depending on the precision 
provided by the detection system, it may be necessary to design for three operating 
zones, one in the incident area, and the adjacent upstream and downstream zones. 

1 An open sprinkler is a sprinkler that does not have actuators or heat-responsive elements.
2 An open spray nozzle is an open water discharge device that will distribute the water in a spe-
cific, directional pattern. Spray nozzles are typically used in applications requiring special water 
discharge patterns, directional spray, or other discharge characteristics.
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The length of the deluge zones should be coordinated with the pumping capability 
as well as the fire detection and ventilation zones. Piping should be designed to al-
low drainage of water from all piping between the deluge valve and the sprinklers 
or nozzles after the flow is stopped.

16.2.1.2  Specific Technical Information

The length of deluge zones typically varies from 25 to 50 m. Standard water spray 
nozzles, which typically require a minimum operating pressure of 1.5–5 bar are 
used and they discharge a uniform pattern of water droplets over the protected area 
with droplet sizes less than 2 mm in diameter. The water discharge density over 
the length of the deluge zone or predefined area commonly in tunnel fires is in 
the range of 6–12 mm/min (l/(min m2)). The K-factor of the nozzles is typically 
80 L/(min bar1/2). Tests with fires having potential free burning HRRs in the order 
of 25–140 MW have been conducted with deluge water spray systems.

The most suitable length of the deluge zones must be based on the width of the 
tunnel and the capacity of the water supply. Large zones will reduce the number of 
control valves but require a higher total water demand [7]. The typical application 
rates and zone sizes can result in flow demands in the range of 7500–15,000 L/min, 
which can have a significant impact on supply and drainage system requirements 
[8]. This value is very much dependent on the tunnel width. For example in a 15 m 
wide tunnel, a density of 10 mm/min, and a two operating deluge zones each having 
a length of 50 m would require 15,000 L/min. If the tunnel width is 10 m instead, the 
corresponding flow would be 10,000 L/min, which is significantly lower.

The type of fire detection device is selected, mainly, based on the hazard (For 
example, smoke detectors, heat detectors, CCTV, or optical flame detectors). The 
initiation device signals the fire alarm panel, which in turn signals the deluge valve 
to open. Activation can also be manual, depending on the fire protection objectives 
of the system. Manual activation is usually done via an electric or pneumatic fire 
alarm pull station, which signals the fire alarm panel, which in turn signals the del-
uge valve to open. According to the SOLIT guidelines [9], water spray systems may 
be activated and operated manually or automatically depending on the availability 
of trained personnel, the risks expected, the type of water spray system, the control 
systems used, and applicable legislation. NFPA 502 [3] recommends that the time 
delay should not exceed 3 min in order to prevent the development of a major fire. 
NFPA 502 also say that automatic fire detection system should be able to detect a 
tunnel fire incident of 5 MW or less within 90 s or better in testing environment of 
3 m/s. More information on fire detection in tunnels is presented in Sect. 16.5.

The UPTUN [10, 11], and SOLIT [9] guidelines recommend that the installation 
of pumps shall comply with the manufacturer’s documented requirements. Pumps 
shall be installed in a dedicated pump room or other designated area. Adequate ven-
tilation and drainage shall be provided. The pump room shall be lockable to prevent 
access of unauthorized personnel. Deluge water spray systems shall be designed to 
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provide at least 110 % of the nominal flow rate required for the most demanding 
protection area in the tunnel. This flow rate shall be calculated at the minimum 
nozzle pressure as tested in large-scale fire tests and shall be provided by one or 
more pumps.

According to the SOLIT guidelines [9], the duration time shall be determined 
in a specific risk analysis for every individual tunnel. The system shall be capable 
of a minimum activation time of 30 min, although longer activation times are nor-
mally required. A minimum of 60 min shall be used for tunnels longer than 500 m, 
however, in practice 90–120 min are probably necessary to account for the response 
capabilities of the fire department.

Deluge water spray systems are mostly installed in Australia and Japan.

Australian Deluge Systems Australia has installed FFFS systems into its road tun-
nels since the Sydney Harbour Tunnel was opened in 1992. Currently, there are 
19 tunnels with water spray systems in operation. A deluge valve station is generally 
located every 120 m along the tunnel length. This location coincides with the loca-
tion of cross passages or egress passages and therefore the valves are located inside 
a fire rated space. The deluge valves are designed and timed to open and close 
automatically as the valves are at a considerable distance from the tunnel operations 
control room. This means that the operator can open and close deluge valves as 
required during a fire scenario, especially if the fire moves or spreads.

The deluge zone length can vary but has generally been designed around a del-
uge zone area of 300 m2 which covers the full width of the roadway. Consequent-
ly, the length of the deluge zone can vary according to tunnel width. The system 
is designed for simultaneous activation of, however, many zones are required to 
provide complete coverage of the maximum length vehicle that uses the tunnel 
plus allowance to cover the possibility that the vehicle may be at the boundary of 
two zones. Currently, common practice is to provide a water discharge density of 
between 7.5–10 mm/min in road tunnels. Australia also has some tunnels which 
are only used by buses. The water discharge density for these tunnels is generally 
6 mm/min. In a fire scenario, the system flow rate is designed to operate for 60 min 
at full flow while a number of hydrants operate simultaneously. Pumps and tanks (if 
required) are duplicated so that no single failure can affect the water spray system 
performance.

Activation of the water spray system is usually by manual operation from a re-
mote Control Room. The operator receives an alarm from one or a number of detec-
tion systems such as a Video Automatic Incident Detection (VAID) system, linear 
heat detection system, other Closed Circuit TV (CCTV) cameras and/or manual 
alarm calls. On receipt of the alarm, the operator confirms that there is a fire event 
and activates the water spray system. Most systems are configured so that on alarm, 
unless the operator intervenes, the water spray system activates. However, the op-
erator can initiate the system prior to automatic operation. The operational intent is 
to activate the FFFS as soon as possible while the fire is still small, that is, less than 
10–20 MW [12].
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Japanese Deluge Systems Japan introduced deluge systems into its high risk 
urban tunnels 40 years ago, and currently there are over 120 systems in operation. 
Different technical solutions are applied, depending on the owner of the tunnel. The 
Japanese deluge water spray systems are designed for 6 mm/min. The pressure at 
the nozzle location is between 3 and 3.5 bars. There are either 50 m spray zones or 
100 m spray zones. Depending on the owner there are different distances between 
nozzles in each zone. Water reservoir capacity should be designed as 40 min for the 
operation time for two deluge zones (50 or 100 m) [14]. System design and opera-
tion is as follows [13]:

1. Flame detectors are located on tunnel side walls at 1.1–1.3 m height with 
10–13 m spacing within the whole section for initial detection of the fire

2. The fire location is confirmed in the Control Room by CCTV, at which time the 
deluge system is manually activated for a 50 m zone around the seat of the fire 
until the fire brigade arrives to the fire site

3. To minimize the risk of fire spread, one additional deluge zone will be activated.

Technically, the Japanese water and foam sprinkler systems are automatic in design 
in combination with fire detector and automatic valve control. However, as auto-
matic operation of sprinklers could cause a traffic accident, the tunnel operator must 
recognize the fire and confirm its existence by CCTV, before starting the sprinkler 
system. Once the fire has been visually confirmed, the sprinkler system is started 
manually as quickly as possible [13].

Swedish Simplified Deluge Water Spray System In 2012, the Swedish Traffic 
Administration started to install a simplified deluge water spray system in the tun-
nel of the Northern Link. An improved version of the concept is also planned to be 
used in the Stockholm Bypass when it will open in 2020. In total, the system will be 
installed in 50 km of tunnels.

The design considerations were: simplicity, robustness, investment cost, and 
maintenance issues. To meet these design requirements the system consists of:

• A single pipe in the centre line of the tunnel ceiling, fitted with two extended 
coverage nozzles (large K-factor nozzles) directed horizontally toward each of 
the tunnel walls. The entire cross section of the 14 m wide tunnel is covered 
with only one pipe. The nozzles used for the Northern Link have a K-factor of 
240 (L/(min·bar1/2)) and the nozzles for the Stockholm Bypass have a K-factor 
of 360 (L/(min·bar1/2)).

• Long sections of 50–75 m are used and they are designed to deliver 5–10 mm/
min without the use of any water additives. A lower water density is acceptable 
if two sections are activated due to a fire between them,

• The deluge water spray system is combined with the fire hydrant system, reduc-
ing the need of water mains in the tunnel to only one,

16.2  Basic Concepts of Fire Suppression Systems 
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• The water supply is obtained by connection to the public water supply, and no 
additional pumps are required. This means that the duration time of the water 
supply is virtually unlimited.

• Thermoplastic-coated steel pipes and clamp couplings instead of welded stain-
less steel pipes have been used.

The main purpose of the system is to limit the fire size and prevent fire spread dur-
ing the evacuation period in congested traffic situations. When the traffic is flowing 
freely the need for the system is regarded as minor. The system can be manually 
operated from the Traffic Control Centre based on detection by CCTV, or from the 
tunnel escape routes where the deluge valves are located. The system also starts au-
tomatically if a heat sensing cable detects high temperatures from a fire. The sprin-
kler pipes are self-draining due to the risk of freezing. In winter, the temperature in 
the traffic space is expected to drop below − 20 °C.

16.2.2  Water Mist Systems

Water mist systems are fundamentally similar to deluge water spray systems, that 
is, the pipework consists of a water-filled mains pipe, manifold, deluge valves, dry 
feed main, and branch pipes to which the nozzles are attached. The mains pipe is 
connected to a water supply and the pressure is generated by pumps. Water mist 
deluge systems may vary with respect to their working pressures, that is, low and 
high pressure mist systems. The piping or tubing utilized in the system must be 
designed for the corresponding operating pressure. To protect against plugging of 
small orifice nozzles, water mist systems utilize corrosion resistant materials such 
as stainless steel pipe or tubing. The primary difference between the systems are 
the percentage of smaller droplet sizes (as a rough estimation the droplet size is 
inversely proportional to the pressure applied), and the momentum of the spray 
ejected from the nozzles (for a given water flow rate the spray from a high pressure 
nozzle has a higher momentum than that from a low pressure nozzle).

According to the definition given in UPTUN guidelines [10] the general prin-
ciple of the low pressure water mist system is to produce a fog (or mist) of small 
water droplets at a nozzle pressure of 3–10 bar. The high pressure water mist system 
produces a fog (or mist) with a mix of different sizes of water droplets at a nozzle 
pressure of 60–120 bar.

According to the Annex table in the UPTUN document [11], the total water flow 
rate per 25 m zone for low pressure systems (without additives) is in the range of 
221–683 L/min, and for high pressure systems, 140–550 L/min. Note, however, 
that the total water flow rate depends on the tunnel width, zone length and the num-
ber of zones operating. One zone of 25 m in a 10 m wide tunnel, at 2.3 mm/min, 
would require 575 L/min. Designing for two zones would require a pumping capac-
ity of 1150 L/min (+ 10 % of the nominal flow required), and for three 25 m zones, 
1725 L/min (+ 10 %). If the tunnel is more than 10 m wide and the zones longer than 
25 m, the hydraulic demand and pump capacity is much higher. The discharge rate 
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for low pressure systems is in the range of 1.1–3.3 mm/min and for high pressure 
systems 0.5–2.3 mm/min. Note that the design application densities are based on a 
density per unit area of coverage (l/(min m2) or mm/min). They are sometimes con-
verted to another measure often used when discussing water mist systems, namely 
a volumetric density expressed as a flow rate per volume (L/(min m3)) by dividing 
mm/min by the ceiling height of the tunnel in meters. This means that for two tun-
nels with the same width but different tunnel heights, the water spray densities are 
identical when expressed in terms of tunnel area, but very different when expressed 
in terms of volume. The K-factor for a high pressure system can vary between 
4.0–5.5 L/(min bar1/2). The length of each zone can vary from 20 to 25 m and up to 
three zones can be used at once.

The water mist systems use significantly less water than deluge water spray sys-
tems. On the other hand, they require significantly higher pressure, especially the 
high pressure system. As a result, pipes, tanks, and pump capacities can be smaller, 
and the water demand be lowered. Likewise, drainage volumes can potentially be 
lowered [12].

According to the SOLIT guidelines [9], a high pressure water mist system ap-
plies nozzle pressures above 35 bars. Low pressure water mist systems apply nozzle 
pressure of less than 12 bars. The medium pressure water mist systems apply nozzle 
pressure between 12–35 bar. Water mist systems apply small water droplets as the 
firefighting agent. The diameter of drops contained in a volume of spray from a 
water mist nozzle, that is, the “Dv0.90” value (meaning that 90 % of the volume of 
the spray is contained in drop sizes of less than 1 mm) is measured in a plane 1 m 
from the nozzle at its minimum operating pressure [9]. NFPA 750 uses a “Dv099” 
value instead of a “Dv0.90” value to define a “water mist”. The NFPA 750 defini-
tion ensures that almost no drops are larger than 1 mm in diameter.

Centrifugal pumps are typically used for low pressure and medium pressure sys-
tems, whereas positive displacement (PD) pumps (or assemblies of PD pumps) are 
typically used for medium and high pressure systems. For the pump capacity, the 
same rule should be applied as for water spray systems. The minimum output ca-
pacity for positive displacement pumps, or assemblies of PD pumps, shall be 90 L/
min. The minimum capacity for centrifugal pumps shall be 750 L/min. The water 
tank shall be suitable for providing water for all simultaneously activated sections 
(typically two or three) with the required flow rate based on the defined minimum 
period of operation [9].

16.2.3  Foam Systems

There are mainly three types of foam systems. A foam water spray system with 
injected foam concentrates into the water supply, a high expansion foam system 
(Hi-Ex), and compressed air foam (CAF).

A foam water spray system is a specific application system, discharging low 
expansion foam, resulting in a foam spray from the sprinkler. Foam water spray 

16.2  Basic Concepts of Fire Suppression Systems 
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systems are effective in controlling fires involving flammable liquid spills in tun-
nels, but they are also effective against conventional lorry fuel load fires [15]. Sys-
tems using injected foam concentrates can be both deluge water spray systems and 
water mist systems, as described in Sect. 16.1.

The discharge density needed in order to extinguish or control flammable liquid 
fires using water with a film forming additive is reasonably well established. Infor-
mation is given in NFPA 16, which recommends an average discharge density of 
6.5 mm/min. Large-scale fire suppression tests in tunnels show good performance 
for foam-water sprinkler systems. In tests conducted by Arvidson in 2010 [16] wa-
ter and foam additives (3 % AFFF) were pumped from a container to the deluge 
zone with nozzles. The tests showed that the effectiveness of the deluge foam-water 
spray system was not negatively affected by a longitudinal ventilation velocity of 
4.2 m/s. The test fires were extinguished in less than 30 s.

Technology involving CAF [17] or Hi-Ex [18] has been tested against both solid 
and liquid fuel fires. These foam system tests demonstrated a good degree of fire 
control. As pointed out by Mawhinney [15] neither the CAF nor Hi-Ex systems 
have been widely accepted for use in tunnels. One reason is uncertainty about the 
potential loss of visibility for firefighting and rescue operations, particularly with 
Hi-Ex foam.

16.2.4  Mode of Operation

There are different types of operation modes presented by different manufacturers. 
The most common is the deluge mode. Mawhinney and Telles [19] presented three 
modes of operation: the deluge mode, the sprinkler mode, and the hybrid mode. The 
major difference between the modes is the amount of water discharged outside the 
immediate fire region. This forms the basis for the attempt to reduce costs without 
weakening firefighting performance.

In the deluge mode, all nozzles are open. Opening the zone valve leads to water 
discharge from all the nozzles in the zone as soon as the piping is filled and pres-
surized. This mode applies the highest total amount of water compared to the other 
two modes.

In the sprinkler mode, automatic nozzles are used, meaning each nozzle is indi-
vidually activated by heat from the fire. Water flow into the branch pipes serving 
the automatic nozzles is controlled by a zone control valve. Under normal condi-
tions, the nozzles are covered with protective caps that protect the heat sensitive 
glass bulbs from dirt and mechanical impact and, in case of fire, prevent bulbs from 
breaking by heat in inactive zones further away from the fire. The branch piping 
does not contain water unless the zone control valve is opened, either manually or 
automatically by an independent fire detection system. At activation, the branch 
piping in the zone is filled with water, and the protective caps within the pressurized 
zone are hydraulically released. Nozzles will begin to activate in areas with suf-
ficient heat. Even if heat spreads beyond the fire zone, water will only be released 
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from nozzles where the zone control valve has been opened. The sprinkler mode 
applies the lowest total amount of water of the three concepts.

The hybrid mode is a combination of deluge and sprinkler modes, with half of 
the nozzles being automatic nozzles and the other half open nozzles. Open nozzles 
and automatic nozzles are spaced sequentially along each branch pipe. Opening the 
zone valve leads to immediate discharge of water from the open nozzles as well as 
removal of the protective caps from the automatic nozzles. This approach ensures 
that only the automatic nozzles closest to the seat of the fire discharge water, such 
that the maximum water discharge density is focused on the actual fire region while 
additional cooling is obtained remotely from the fire region within the activated 
zones. The hybrid mode of operation could use significantly less water than a del-
uge system.

There are water-based FFFS available which are designed to share the pipe and 
pump units with a hydrant system.

The operation of foam systems is similar but not discussed further here.

16.3  Tunnel Fire Suppression Tests

There have been many FFFS tests conducted in full-scale or large-scale tunnels. 
Several tests were carried out in Japan, for example, Futatsugoya tunnel fire tests 
in 1969 [14], Kakeitou Tunnel fire tests in 1980 [20], and New Tomei Expressway 
tests in 2001 [14]. However, these tests were not well documented and technical 
information was very limited. After 2000, several series of large-scale fire suppres-
sion tests have been conducted in tunnels, most of which were performed in Europe. 
These reasonably well documented tests are summarized in Table 16.1, and the 
results are briefly discussed below. There are also some model-scales tests that have 
been conducted, for example [21, 22], but not included here.

16.3.1  Second Benelux 2000–2001

During 2000 and 2001, 14 large-scale fire tests were conducted in the Second 
Benelux Tunnel near Rotterdam in the Netherlands [6].

The test tunnel had a rectangular cross section with the width 9.8 m, the height 
5.1 m, and a length of 980 m. The intended traffic direction was unidirectional. The 
slope of the tunnel was maximum 4.4 % and its lowest point was in the middle of 
the tunnel. The tube had two traffic lanes. Six fans were installed in the upstream 
tunnel opening to create longitudinal ventilation air flows up to 6 m/s. The test area 
was located 265 m from the downstream portal. Measurements were taken in an 
area ranging from 50 m upstream to 200 m downstream of the fire.

16.3  Tunnel Fire Suppression Tests 
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The performance of open deluge water spray systems was tested in four fire tests 
with simulated truck loads, tests 11–14. Test 11 consisted of one van loaded with 
18 wood pallets having a total weight of 400 kg (18) pallets, with three tyres placed 
on top. Tests 12 and 13 had an aluminum covered truck load and test 14 had an open 
truck load. The open truck load consisted of 72 wood pallets and six tires having a 
total weight of 1600 kg. The aluminum covered truck loads consisted of 36 wood 
pallets with four tires on top and had a total weight of 800 kg stacked under an alu-
minum cover with the rear side open.

The open deluge system was designed with a water discharge density of 12 mm/
min and consisted of two sections. Section 1 was directly above the fire and con-
tained two parallel rows of sprinklers along the tunnel. Each row had a length of 
17.5 m. Section 2 contained two rows of sprinklers, each with a length of 20 m, and 
was placed downstream of the fire next to Section 1.

In tests 11, 12, and 13, both sections were activated after 14, 4, and 10 min, 
respectively. In test 14, Section 1 was activated after 21 min and Section 2 was 
delayed by 10 min, that is, it was activated after 31 min. The chosen activation time 
was determined based on the objective of the test. The purpose of test 11 was to 
examine steam production by heating the van as much as possible before activation 
of sprinklers. The purpose of tests 12 and 13 was to determine the visibility reduc-
tion due to water droplets, steam, and smoke. The systems were activated as soon 
as possible after detection or after the time required to stop the traffic and evacuate 
the tunnel. In test 14, the effects of heating a tanker or truck near the fire and then 
cooling it with sprinklers were investigated. For all the tests, the systems were ac-
tivated manually.

In test 11, the fire reached approximately 7.2 MW at 14 min when the two sec-
tions of spray systems were activated. After activation, the HRR decreased to 5 MW 
at around at 20 min and to 1.6 MW at 25 min. In test 12, the fire reached 6.3 MW 
at around 4 min and the two sections of water sprays were activated. After activa-
tion, the HRR was not measured. In test 13, the HRR reached around 13.5 MW at 
10 min and then the two sections of water sprays were activated. After activation, 
the data were again not available. However, it can be seen from the temperature 
measurements that all the thermocouples measured ambient temperatures. There-
fore, the fire should have been effectively suppressed, that is, extinguishment was 
achieved. In test 14, the fire reached its peak value of 26 MW at 11.5 min and 
started to decrease from 18 min. Section 1 was activated when the HRR decreased 
to 14 MW and the HRR continued to decrease. The fire was 1 or 2 MW at 30 min 
when Sect. 2 was activated. Note that based on the fuel types and configurations, 
one may estimate the peak HRRs for tests 11 to 13 to be 7.2, 14, 14 MW. Therefore, 
in all the tests except test 12, the water sprays systems were activated after the fires 
had approximately reached their peak HRRs.

Further, the water spray systems reduced gas temperatures significantly and the 
risk of fire spread was also reduced. The temperature downstream did not attain 
lethal tenability and steam production was insignificant. However, the visibilities in 
these tests were reduced so that escape routes were difficult to detect.
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16.3.2  IF Tunnel, UPTUN 2002–2004

In the framework of the UPTUN project [23], two series of fire suppression tests 
were carried out in the IF tunnel, primarily a training tunnel, located the south of 
Oslo in Norway, including 19 low pressure water mist tests and 56 high pressure 
water mist tests. In each series of tests, eight free-burn tunnel fire tests were con-
ducted for reference.

The fire sources were mainly diesel pool fires in pans. This creates a relatively 
thick fuel bed and the mass burning rate per square meter fuel will be much higher 
compared to thin fuel layers that float on a road surface. Further, the water sprayed 
into the fire source is contained in the pan along with the fuel, rather than washing 
the flammable liquids away as in a realistic leakage fire. Therefore, these types of 
liquid pools cannot simulate realistic fire sources in tunnels. Besides the pool fires, 
in each series of tests, two tests were carried out using 80 wood pallets as the fire 
sources and one test using small vehicles.

The low pressure water mist system had one row of nozzles below the ceiling 
with a length of 20 m, and two rows placed in the corner between the floor and the 
tunnel wall, with a length of 16 m. The high pressure mist systems had three rows 
of nozzles at the ceiling level.

The low pressure water mist systems had an operating pressure ranging from 
5 to 9 bar, and the high pressure systems had an operating pressure ranging from 
60 to 120 bar. It was reported that the water droplets produced by the nozzles used 
in both systems were much smaller than 1000 µm (1 mm). The applied water flow 
rates were in a range of 1.1–3.3 mm/min for low pressure water mist systems, and 
in a range of 0.5–2.3 mm/min for high pressure water mist systems. In most of the 
tests, the fires were only controlled but not extinguished.

16.3.3  IF Tunnel, Marioff, 2004

In 2004, Marioff [24] conducted 24 fire suppression tests in the IF tunnel in Nor-
way. The tunnel cross-section has a shape of a horse shoe. Three rows of sprinklers 
were installed consisting of one at the center line of the tunnel and right below the 
ceiling, and the others placed on sides of the wall. The spacing between the nozzles, 
that is, spray heads, was 3 m in most of the tests and 4 m for the last five tests.

Trays of diesel and/or different numbers of wood pallets were used as the fire 
sources. Each tray had a dimension of 1.4, 1.6, and 0.4 m. There was always a 1.1 m 
high wall vertically placed in the front of the first two pools to simulate a blocking 
effect. Further, in some tests, a steel plate was placed at a short distance above the 
pool fires and covered 75 % of the pool area. The HRRs ranged from 5 to 25 MW. 
The water flow rate can be estimated to be in a range of 1.4–3.7 mm/min.

In most of the tests, the fires were controlled but not extinguished. However, gas 
temperatures were reduced significantly.

16.3  Tunnel Fire Suppression Tests 
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16.3.4  VSH Hagerbach, Marioff, 2005

Mawhinney [25] and Tuomissaari [24] described a series of tests involving pas-
senger automobiles in a tunnel with a low ceiling height, carried out in 2005 at the 
Versuchstollen Hagerbach (Hagerbach) tunnel research facility in Sargans, Switzer-
land. The test tunnel was representative of the “A86” passenger vehicle tunnel on a 
highway encircling Paris, France. The A86 passenger vehicle tunnel was approxi-
mately 9 m wide and 2.5 m high. The tunnel sloped upward in the direction of travel 
at approximately 2 % slope, with a transverse gradient from left to right. Fuel from 
ruptured fuel tanks drained downhill and across the tunnel floor. The tests simulated 
the fire scenario in the tunnel involving a collision of two or more passenger cars.

Instrumentation was installed near the tunnel discharge to measure oxygen de-
pletion in order to estimate the HRR. These tests showed that fires in passenger 
automobiles in a tunnel (before activation of the water mist system) typically ex-
ceeded the peak HRR from NFPA 502 of 5 MW per automobile. With tunnel ven-
tilation at approximately 3 m/s, a group of three passenger cars created fires with 
peak HRR between 25 and 35 MW. The HRR for three vehicles would have been 
approximately 15 MW. With a peak HRR two times larger than the design fire, the 
additional heat and buoyancy may overwhelm the ventilation system and the time 
available for egress and rescue decreases. The risk of fire propagation to additional 
vehicles in the tunnel increases.

The fire scenarios consisted of a three-automobile fire in a two-lane and three-
lane configuration. The primary differences included the number of vehicles sur-
rounding the group involved in the fire and the relationship of the vehicles to the 
overhead lines of nozzles. In the “two lane” scenario, there were no vehicles to the 
right of the fire group.

The water mist system consisted of two zones of 33 m length with three lines 
of nozzles attached to the ceiling. The water mist system was activated manually 
based on a visual assessment of the size of the fire. All nozzles were 90° spray cone 
nozzles operating at approximately 80 bar pressure. The distance between the lines 
of nozzles was 2.8 m. The system operated as a deluge system with all nozzles 
flowing.

In the tests, the longitudinal velocity was initially 6 m/s, and then reduced to 
3 m/s over a 4 min period after ignition. The tests results show that the fire spread 
to adjacent vehicles was prevented after activation of the fire suppressions system.

16.3.5  San Pedro de Anes tests, Marioff, 2006

Marioff Corporation conducted a series of full-scale fire tests in the San Pedro de 
Anes Test Tunnel facility in Asturias, in northern Spain, between February 2 and 
27, 2006 [24, 25]. The objective of the tests was to evaluate the performance of a 
HI-FOG water mist system against very large fires in fuel packages similar to HGV 
trailer loads. Eleven tests were conducted—most using standard European wood 
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pallets placed on a platform to simulate the elevated load of a HGV trailer. These 
were referred to as “standard severity” fire packages. Two of the fire tests were con-
ducted using wood pallets interspersed with high density polyethylene pallets (16 % 
by weight); these are referred to as “high severity” fire packages.

The fuel packages with wood-pallets only could potentially reach 75 MW under 
unsuppressed conditions. Similarly, the high severity-fire fuel packages with poly-
ethylene pallets were estimated to have a potential peak HRR of 95 MW under un-
suppressed conditions. In addition to the type of fuel package, the wind conditions 
in the tunnel, the location of the fuel load relative to the lines of nozzles, and water 
pressure were varied. The longitudinal wind-speed varied from less than 2–3.5 m/s; 
the fuel load was placed under the middle line or between two lines; and the water 
mist system was operated at nominally 100 bar or 80 bar end nozzle pressure. In 
addition, the fuel load was tested with and without a wind-break panel on the rear 
face of the fuel package—intended to simulate the effect of the solid rear doors and 
solid forward cab that are typically found on HGV trailers.

The water system consisted of three consecutive sections of 24 m each. Each 
section was equipped with three lines of sprinklers with a horizontal spacing of 
4 m and longitudinal spacing of 3 m. Three modes of activation were tested, that is, 
the deluge mode, sprinkler mode, and the hybrid mode. The sprinkler mode used a 
dedicated protective cap for each section. After a section valve was opened all the 
protective caps in that section were released and the sprinklers were exposed to the 
hot gases. The hybrid mode was a mixture of deluge and sprinkler systems. Every 
other sprinkler was a closed sprinkler nozzle. The nominal volumetric flux density 
in all cases was nearly constant, ranging between 3.7 and 4.3 mm/min.

In every test, the fires were prevented from achieving their full potential by the 
water mist system. The water mist system reduced the HRR of the “standard sever-
ity” fires to between 20 and 37 % of their peak potential HRR of 75 MW. For the 
two high severity tests, the water mist system reduced the fires to 68 and 29 % of the 
peak potential HRR of 95 MW.

The thermal management of the water mist system was evaluated based on the 
ceiling temperatures at the end of the water mist zone, and in the 15 m section di-
rectly over the fuel package. The temperatures at the ceiling at the end of the water 
mist zone were typically as low as 80 °C, although in one test the temperature was 
as high as 213 °C. At an elevation of 1.5 m above the roadway and from 8 to 15 m 
downstream from the end of the mist zone, the average temperatures were below 
65 °C.

In five out of 11 tests, between 28 and 60 % of the available fuel remained un-
burned after the test. In the remaining 6 tests, all available fuels on the platform 
burned. The high severity fuel packages were entirely consumed in both tests.

The water mist system prevented the ignition of target arrays in all but one fire. 
In that fire (T14, between two lines), the top three pallets on the target located 4 m 
away ignited. No ignition occurred in any targets located more than 4 m away from 
the end of the fuel package [24, 25].

16.3  Tunnel Fire Suppression Tests 
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16.3.6  SINTEF Runehamar Tunnel 2007

SINTEF, together with Efectis Nederland BV [26], conducted several fire suppres-
sion tests during December 2007 and January 2008 in the Runehamar tunnel in 
Norway. The fire scenarios were pool fires and solid fuel fires, each with a nominal 
HRR of up to 200 MW. The prime objective of these tests was to determine the 
suppression and extinguishing effect of a water mist system on fully developed 
fires. These tests were carried out by SINTEF NBL and Aquasys upon request of 
Rijkswaterstaat, the department within the Ministry of Public Works of The Nether-
lands that is also responsible for tunnel safety. These tests were designed to serve as 
a unique opportunity to obtain experimental data on the risk of a BLEVE (Boiling 
Liquid Expanding Vapor Explosion) in the area immediately downwind of the fire, 
and also to perform measurements on the tenability conditions along the first few 
100 m downstream of the fire.

The largest solid fire load consisted of 720 pallets, configured to represent a 
loaded HGV. The fire pool consisted of diesel fuel and had a surface area of 100 m2. 
The BLEVE-risk and the tenability conditions were investigated. However, no data 
about the HRR in the fire suppression tests are available.

16.3.7  SOLIT 2008 and SOLIT2 2012

In the SOLIT project [27], more than 50 fire tests were carried out in the San Pedro 
de Anes test tunnel with water mist systems. The tests included 25 truck fires with 
a potential HRR of almost 200 MW and pool fires with surfaces partly covered 
creating a HRR of up to 35 MW. The HRRs of two tests were presented. The wa-
ter mist systems in both tests were activated 4 min after ignition, when the HRR 
was less than 10 MW. After activation, the covered fire increased slowly to around 
50 MW and was extinguished manually, and the uncovered fire increased to 30 MW 
at 11 min and then decreased gradually. The data have shown that the fires in these 
two tests had been effectively controlled, however, the technical information is not 
available.

In the SOLIT2 project [9], more than 30 tests were conducted in the San Pedro de 
Anes test tunnel with water mist systems. In the vicinity of the fire, additional walls 
were installed resulting in a tunnel width of 7.5 m. Wood pallets and diesel pools 
were used as fire sources. The peak HRRs for the wood pallet fires was estimated 
to be 150 MW. The nominal HRRs for the pool fires were 5, 60, and 100 MW. 
The water mist system was installed over a length of 60 m. Two rows of nozzles 
were installed along the tunnel. Both longitudinal ventilation and semi-transverse 
ventilation systems were tested. The semi-transverse ventilation is designed to deal 
with free-burn fires of approximately 30 MW. Data of five tests were presented in 
the report. Under longitudinal ventilation, the fire size was restricted to 30 MW for 
a wood pallet fire with a PVC tarpaulin cover and 15 MW for a wood pallet fire 
without cover. The activation time was around 7 and 3 min in the tests and the corre-
sponding activation HRRs were around 8 and 5 MW, respectively. For the pool fires 
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with longitudinal ventilation, the activation time was also 3 min, and the correspond-
ing activation HRR was approximately 25 MW. The peak HRR was approximately 
70 MW. Note that in this test the nominal HRR was 60 MW. Therefore, the fire was 
not controlled except that the gas temperature was lowered due to gas cooling.

In the two pool fire tests with semi-transverse ventilation and flow rates of 120 
and 80 m3/s, the activation time was approximately 4 and 3 min, and the corre-
sponding HRRs were approximately 15 and 35 MW, respectively. The peak HRRs 
in these two tests were approximately 65 and 70 MW, respectively. The nominal 
HRRs in these two tests are unknown. However, from the HRR curves it can be ex-
pected that the nominal HRRs were also 60 MW in these two tests. In summary, the 
water mist system effectively controlled or suppressed the wood pallet fires but had 
limited influence on the fire development of pool fires. It should be kept in mind 
that the water flow rates used in these tests are unknown.

16.3.8  Singapore tests 2011–2012

In 2011, Land Transport Authority (LTA) Singapore commissioned Efectis to con-
duct a fire test programme [4, 5] to investigate the effect of fire suppression on 
the HRR and tunnel ventilation, to reduce the risk of vehicular fire spread, and to 
acquire information on the appropriate design parameters to adopt. A total of seven 
large-scale fire tests were conducted in the San Pedro de Anes test tunnel with water 
spray systems.

The fire sources consisted of 228 wooden (80 %) and plastic (20 %) pallets. The 
HGV mock up was 2 m wide, 3 m high, and 7.5 m long covered by a tarpaulin. The 
tunnel had a ventilation velocity of around 3 m/s. Two piles of pallets were placed 
5 m behind the edge of the HGV mock-up to investigate the possibility of fire 
spread to adjacent targets.

The water spray systems consisted of three rows of nozzles were used in these 
tests. The nozzles had a K-factor of 80 and an operating pressure of 1–2 bar. The 
water flow rate was 8–12 mm/min. The system was activated 4 min after the “fire 
detection”, corresponding to 60 °C gas temperature measured below the ceiling.

The test data showed that the peak HRRs were below 40 MW if the deluge 
system was activated 4 min after detection. Note that the HRR in the free-burn test 
stayed near 115 MW for about 5 min period and had a peak HRR of 150 MW dur-
ing a short period (1–2 min). The reason for the peak has not been given, but one 
can speculate that it has to with a sudden collapse of parts of the fuel stack. This 
will increase the exposed fuel surface directly, and consequently the HRR may rise. 
The reduction of the HRR from 115/150 to less than 40 MW shows that the system 
controlled the fire effectively. However, the duration time was prolonged and most 
of the fuels were consumed in the tests. If the deluge system was activated 8 min 
after detection, the HRR was as high as 100 MW and the curve was similar to the 
free-burn test. The ceiling gas temperature in test 1 was reduced to 300 °C, com-
pared to 1200 °C in the free-burn test, and the heat flux can also be expected to be 
reduced significantly although the measurement could fail while being exposed to 
the water sprays.

16.3  Tunnel Fire Suppression Tests 
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16.3.9  SP Runehamar Tunnel Fire Suppression Tests 2013

In 2013, SP Sweden [28] carried out a series of fire suppression tests in the Rune-
hamar tunnel in Norway to investigate the performance of the Swedish simplified 
deluge water spray system before its application in the Stockholm Bypass. A total 
of six tests were carried out. Wood pallets were used as fuel with an estimated peak 
HRR of 100 MW. A total length of 30 m was covered by the fire suppression sys-
tem equipped with TN (Tunnel Nozzle)-25 manufactured by TYCO (Prior to the 
notation it was called T-Rex). A 1.1 bar water pressure at the nozzles with K-360 
(L/(min bar1/2)) yielded a water flow rate of 375 L/min. The coverage area was 
37.5 m2, which corresponds to a water density of 10 mm/min. The criterion for the 
“fire detection” was a ceiling gas temperature of 141 °C. The activation of the fire 
suppression system was delayed by 2–12 min after the “fire detection”.

The results showed that the HRR upon activation ranged from approximately 
10–30 MW. The HRR was controlled after activation for a period of 10–20 min. 
After that the fire was suppressed over a period of 10–30 min, which means that 
the system prevented further fire spread inside the fuel. The FFFS resulted in peak 
HRRs lower than 50 MW in all five cases, which was one of the original questions 
postulated by the LTA. The maximum temperatures at the ceiling were never higher 
than 400–800 °C after activation. In all experiments, the fire was controlled in the 
first period after activation and then suppressed with a considerable amount of fuel 
still remaining. A target consisting of a pile of pallets stood 5 m from one end of 
the fire. It was used to assess the risk of fire spread to adjacent vehicles. In all cases 
with the FFFS operating, the target was unaffected by the main fire.

The experiments also showed the importance of early activation of the FFFS. 
Despite this, it was clear from the experiments that the system has a sufficient safety 
margin to allow delayed response while retaining the ability to fight the more severe 
fires produced by such a delay. The system was able to prevent the spread of the fire 
beyond the main fire load, and was clearly able to lower the gas temperatures in the 
tunnel. This has important implications for the design and safety of the evacuation. 
The tests show that the design fire of 100 MW as originally planned can be reduced 
to lower than 50 MW by the presence of a FFFS, which translates into significant 
savings in investment costs for the ventilation system. The experiments show that if 
the system activates late, an increase of toxic substances and smoke is produced, but 
the impact of this effect can be mitigated by activating the system early.

16.3.10  A Short Discussion

Water spray systems normally use a water flow rate of 10–12.5 mm/min. Water mist 
systems normally use a water flow rate of 1–4 mm/min. The ratio of the water flow 
rates used in these two systems is in a range of 3–4. However, these values of water 
flow rate are mainly applied from fire suppression in residence and industrial build-
ings. The main mechanisms of fire suppression using these two types of systems 
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are different. A deluge water spray system suppresses a fire mainly by fuel surface 
cooling; a water mist system suppresses a fire mainly by dilution and gas cooling.

Compared to normal building fires, the fuel load density for a HGV tunnel fire 
is much higher. Further, ventilation reduces the dilution effect significantly. There-
fore, in suppression of fires in tunnels with longitudinal ventilation, the systems 
with low water flow rates and small droplets, which extinguish fire mainly by dilu-
tion, cannot perform as well as in building fires in a quiescent environment.

In most of the tests discussed here, the fires were neither extinguished nor sup-
pressed, and instead were only controlled, especially for the water mist systems test-
ed. There have been some popular arguments that fire suppression systems cannot 
suppress tunnel fires, but only mitigate the fire effect. However, we can only con-
clude that most of the systems tested cannot successfully suppress or extinguish the 
tunnel fires. The main problem is that the design of fire suppression systems used in 
buildings has been applied to tunnel fires, which corresponds to low water flow rate, 
especially for the water mist systems. In other words, in order to successfully sup-
press tunnel fires, the performance of fire suppression systems needs to be improved.

There are also arguments that the performance of a water mist system is better 
than a water spray system. However, under the tested water flow rates, the perfor-
mance of the water sprays systems was much better than the water mist systems. 
Further, it should always be kept in mind that the water spray systems and water 
mist systems discussed here use significantly different water flow rates. Therefore, 
it is apparently not fair to make the comparison so simply.

The use of fire suppression systems in a tunnel is always a cost-effectiveness 
issue. The capability of fire suppression systems needs to be improved to effectively 
suppress the fires, rather than only control the fires. However, the cost will defi-
nitely increase. Research on the minimum capacity to suppress the fire is of special 
interest from an economic point of view.

16.4  Theory of Fire Suppression

16.4.1  Extinguishment Mechanism

The mechanism of extinguishment of fires using water-based fire suppression sys-
tems can be classified into two types: condensed phase suppression and gas phase 
suppression. In the condensed phase, surface cooling is the main mechanism. In the 
gas phase, the extinguishment mechanisms can be categorized into gas cooling, heat 
capacity and dilution effects, and kinetic effects.

16.4.1.1  Surface Cooling

The water droplets arriving at the fuel surfaces evaporate and take the heat away, 
which results in lower burning rates or extinction of the fire. This process is called 
surface cooling. Note that 1 kg of water can take away around 2.6 MJ heat by 
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evaporation to water vapor at a temperature of 100 °C. For water-based fire sup-
pression systems in tunnel fires, fuel surface cooling can be regarded as the primary 
mechanism of suppression of solid fuel fires.

For surface cooling to be effective the water droplets must be able to penetrate 
the fire plumes. During this process, both the momentum and the evaporation of 
the water droplets dominate. Further, the flow rate of the water droplets surviving 
in this process and arriving at the fuel surfaces must be great enough to suppress 
the fire. For exposed solid fuels, traditional water spray systems could have better 
performance due to the large water flow rate and large water droplets. The amount 
of water required for fire suppression only needs to approximately equal the heat 
absorbed by the fuel surface, rather than the total HRR.

In a tunnel fire, surface cooling delays the fire growth rate by pre-wetting the 
nearby un-burnt fuels. Further, the nozzles away from the fire source discharge 
water to the surface of the nearby vehicles, inhibiting vehicular fire spread. Surface 
cooling can easily delay or prevent ignition. Many tests have shown that even a 
small amount of water is capable of preventing fire spread to neighboring targets.

Water sprays discharged to the tunnel walls also provide protection for the tun-
nel structure. As a consequence, the requirement for passive protection could be 
lowered.

16.4.1.2  Gas-Phase Cooling

The water discharged from the nozzle is atomized into a large number of water 
droplets, and the total droplet surface areas are very large. Droplet evaporation re-
sults in efficient cooling of the flame and hot gases. The cooling of the flame raises 
the lower flammability limit of the oxygen and reduces combustion intensity. Fur-
ther, heat feedback to the fire source is reduced. In a tunnel fire, the cooling of hot 
gases could increase the tenability conditions for evacuations, although the vapor 
introduced slightly lowers down the tenability limit for the respiratory gas tempera-
tures. For large tunnels fires the HRR is very high so extinction purely by gas phase 
cooling would require a very large amount of water, which is almost impossible. 
Therefore, this is not the main mechanism of fire suppression in tunnel fires.

The nozzles upstream of the fire source also contribute to fire suppression by 
cooling the gases flowing to the fire source if back-layering exists, and a small 
amount of the injected water droplets could also be blown to the nearby fire source.

16.4.1.3  Dilution Effects and Heat Capacity

Dilution effects in water-based fire suppression systems are created by the evapora-
tion of water drops. Note that due to the evaporation, the volume of water droplets 
expands by a factor of around 2700 at a temperature of 300 °C, which dilutes the 
concentration of both fuel and oxygen in the vicinity of the fuel surfaces and in the 
flame. At the same time, the higher heat capacity of water vapor compared to air 
reduces the gas temperatures.
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Dilution effects could be the key mechanism of suppression of gas and liquid 
fires, especially for water mist systems. However, in tunnel fires with forced ven-
tilation, the water vapour could be blown away and the dilution effect could be 
significantly reduced.

16.4.1.4  Radiation Attenuation

Similar to soot, water sprays and water vapors also absorb radiation. The radiation 
attenuation due to the water sprays depends on the water flow rate and the droplet 
sizes. For a continuous water curtain, the radiation attenuation could be very effec-
tive due to the high absorptance of the water. It is known that water vapor has a low 
absorptance, however, it could still play a key role due to the large volume.

Radiation attenuation reduces heat feedback to the fuel surface and lowers the 
HRR. It can also delay the fire growth rate and prevent fire spread to nearby ve-
hicles in a tunnel fire.

On the other hand, water vapors produced by evaporation perform as a radiation 
medium, which absorbs heat from flames and hot gases, and also re-radiates the 
heat at a lower radiation intensity.

16.4.1.5  Kinetic and Other Factors

Kinetic effects include the impingement of water droplets on the fuel surface, tur-
bulence induced by the water sprays, the interaction between the nozzles, and the 
effect of droplets on the flame temperature limit.

Other factors could include the effect of tunnel ventilation on the movement of 
water droplets and water vapors and the effect of tunnel walls.

These are only secondary effects and are not expected to significantly affect the 
performance of water spray fire suppression systems in tunnels, and therefore are 
not discussed further.

16.4.2  Critical Conditions for Extinction

16.4.2.1  Condensed Phase Extinction

The fire point equation is widely used in fire suppression theories, which in reality 
is the energy equation applied to the fuel surface and can be expressed as:

 (16.1)

where ′′qnet
 is the net heat flux absorbed by the fuel surface (kW/m2), Lg is the heat 

of gasification of the fuel (sum of heat of vaporization and increase of heat enthalpy, 
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kJ/kg), ′′mf  is the fuel mass burning rate (kg/(m2s)), ′′mw
 is the water flow rate per 

unit fuel surface area (kg/(m2s)), and Lv, w is the heat of vaporization of the water 
(kJ/kg).

The terms on the left hand side are the net heat flux absorbed by the fuel surface, 
heat absorbed for gasification, and the heat absorbed for evaporation of water drop-
lets, respectively.

The heat flux absorbed by the fuel surface can be divided into two parts, that is, 
the heat flux from the self-sustained flame itself (no external flux) and the heat flux 
from other flames (at other locations) or heat sources. The heat flux from the self-
sustained flame could be expressed in the form of the local HRR by multiplying a 
kinetic parameter, ϕ. Therefore, the above equation can also be expressed as:

 (16.2)

where ′′qe
 is the radiation from external sources or other flames (kW/m2) and ′′ql

is the radiation loss (kW/m2). The kinetic parameter, ϕ, in the above equation is 
defined as the ratio of heat absorbed by the fuel surface to the HRR [29]:

 
(16.3)

where ΔHg is the heat of the self-sustained flame transferred to the fuel surface per 
unit mass of fuel gasified (kJ/kg), and ΔHc,eff is the effective heat of combustion (kJ/
kg). It should be noted that the kinetic parameter, ϕ, is not constant. However, the 
equation expressed in such a form is useful when analyzing the critical fire point 
equation.

In the following text, we discuss the critical conditions for extinction, that is, the 
critical fuel mass burning rate and the critical water flow rate that are required for 
fire extinction.

Note that for a self-sustained flame at extinction, we may assume that no radia-
tion loss exists and the fuel surface obtains heat for gasification only by convective 
heat transfer from the small burning flame. Therefore, the critical fire point equation 
is expressed as:

 (16.4)

where ′′mcr
is the critical fuel mass burning rate for a self-sustained burning material 

(kg/(m2s)).
The critical mass burning rate at extinction for a self-sustained flame is deter-

mined by convective heat feedback. According to Spalding’s B number theory, it is 
given by [30]:

 (16.5)
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The critical B number at extinction, Bcr, is defined as [30]:

 
(16.6)

In the above equations, hc is the convective heat transfer coefficient (kW/(m2K)), cp 
is the heat capacity of the air, YO2,∞ is the surrounding oxygen mass concentration, 
∆HO2 is the heat released by consuming 1 kg oxygen (kJ/kg).

Note that the Spalding’s B number theory is only an approximate theory. The 
physical meaning of the above equation is that burning is sustained only by the con-
vective heat transfer, that is, heat conduction to the fuel surface. Here it is assumed 
that all the oxygen is consumed near the fuel surface, and also assumed that the heat 
gain from the flame at extinction equals the heat required for obtaining the critical 
mass burning rate, that is

 (16.7)

The critical mass burning rate per unit area for normal plastics at extinction is in a 
range of 2.5–4.4 g/(m2s) under forced convection and 1.9–3.9 g/(m2s) under natural 
convection [31]. Tewarson and Pion [32] defined a term called ideal mass burning 
rate assuming that no heat is lost from the surface or the heat loss has been com-
pensated by the external heat flux. Ingason and Li [33] compared these values to 
the data obtained from their tests and found they correlate well with each other. The 
corresponding ideal mass burning rate per unit area for these normal plastics is in a 
range of 14–35 g/(m2s). The ratio between the critical and ideal mass burning rate 
per unit area ranges from 10 to 18 %. However, according to the model described 
above, the critical mass burning rate is a variable and sometimes a very high mass 
burning rate could be obtained, although it may not be realistic. As a first estima-
tion, considering it as a fixed value or a variable is acceptable.

An expression for the critical water flow rate required for fire suppression can be 
obtained from Eq. (16.2):

 
(16.8)

The model presented above is only an approximate solution and the uncertainty is 
high. However, the model correlates many parameters and is very useful for under-
standing the mechanism of the fire suppression.

16.4.2.2  Gas Phase Extinction

Beyler [30] assumed that the analogy of flammability limit for premixed and dif-
fusion flames works, and proposed an equation to estimate the fraction of enthalpy 
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of reaction that can be lost before extinction occurs at the stoichiometric limit, SLϕ , 
which can be expressed as:

 
(16.9)

where TAFT is the adiabatic flame temperature for diffusion flames (K), and r is the 
mass-based stoichiometric air to fuel ratio which can be ignored in most cases.

Beyler [30] proposed the following equation to account for the effect of dilution 
and heat capacity on fire suppression:

 
(16.10)

where k is the correction ration between the actual and stoichiometric limit 
(closely 1), Yext is the mass fraction of the extinguishing agent, Δcp is the difference 
in heat capacity between the diluents and ambient gas (kJ/(kgK)). Note that the 
stoichiometric parameter term in the above equation has been corrected based on 
the original equation [30].

Although Beyler [30] referred to the parameter TAFT as the adiabatic flame tem-
perature at the stoichiometric limit, the temperature of 1700 K was used, that is, the 
adiabatic flame temperature at the flammability limit. The physical meaning of the 
parameter also suggests that the latter temperature should be used.

Note that the fraction must be positive to sustain a flame. This in reality suggests 
the controlling equation for flammability limit for diffusion flames. Both the ambi-
ent oxygen mass concentration and the ambient temperature are key parameters.

Note that the introduction of diluents, that is, water vapor or other extinguishing 
agents, results in a decrease of the oxygen concentration, which is accounted for by 
the term (1 – Yext) in the denominator. The effect of heat capacity is represented by 
the additional term in the numerator, and the difference in the heat capacity between 
the diluents and the ambient gas is Δcp.

The expression of the fraction of enthalpy of reaction that can be lost before 
extinction could be questionable. Further, the assumptions made in Eq. (16.9) may 
not work in case of fire suppression.

For water-based fire suppression systems, the inerting gas is water vapor. Given 
that the fuel mass is normally negligible compared to the total mass in a flame vol-
ume, the parameter r can be ignored in Eq. (16.10). Assuming that the concentration 
of water vapor is Yw and k = 1, the fraction of enthalpy of reaction can be expressed 
as:

 
(16.11)
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The gas phase extinction can be linked to the condensed phase extinction by apply-
ing the above equation in combination with Eqs. (16.8), (16.5) and (16.6).

Based on the above equation, the extinction criterion for flames with fire sup-
pression can be obtained, which is expressed as:

 (16.12)

The above criterion indicates the oxygen level needs to be higher for possible igni-
tion in case of fire suppression. This criterion is very valuable in determining the 
combustion conditions for under-ventilated fires and suppressed fires.

Example 16.1 Estimate the critical mass burning rate for a small wood sample 
under normal conditions. Assume that the heat of combustion is 15 MJ/kg, and heat 
of vaporization is 2.5 MJ/kg, and the convective heat transfer coefficient is 10 W/
(m2K).

Solution: First calculate the critical B number using Eq.  (16.6), that is, 
Bcr = 0.023 × 13.1/2.5 = 0.12. Then calculate the critical mass burning rate using 
Eq.   (16.5), that is, ′′ =mcr

10/1 × ln(1 + 0.12) = 0.00114 kg/(m2s) or 1.14 g/(m2s).

16.4.3  Fire Suppression

Note that the critical mass burning rate and critical water flow rate correspond to 
the critical state of fire suppression when the fire is almost extinguished, and the 
corresponding extinguishment time could be infinite. To effectively suppress a well 
developed fire the water flow rate needs to be greater to assure either that enough 
the water droplets are able to penetrate the fire plume and reach the fuel surfaces 
before evaporation, or that enough water vapor is produced to cool the flame and 
dilute the combustible mixture.

16.4.3.1  Suppression of Gas and Pool Fires

Rasbash et al. [34, 35] carried out a series of tests on extinction of liquid pool fires. 
Two groups of extinction processes with water sprays were identified, that is, cool-
ing the burning fuel surface to the fire point and action of spray on the flames caus-
ing rapid disappearance of the flames. It was concluded that except for alcohol fires, 
which were extinguished by surface dilution, the liquid fires were extinguished by 
fuel surface cooling. The extinction time was reported to decrease with increasing 
water flow rate and increased with water droplet size. The critical water flow rates 
associated with fuel surface cooling increased linearly with droplet size.

Kung [36] reported on suppression of hexane pool fires by cooling the flames in 
a ventilated room where the pool was placed in the corner and the water nozzle was 
placed at the centre of the room. Extinction occurred when the mole fraction of steam 
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generated immediately after discharge of the water spray was greater than a value that 
was between 0.3 and 0.39. The water evaporation rate was proportional to the HRR 
and the water flow rate, and it varied by the − 0.73 power of the mean droplet size.

Heskestad [37] conducted a series of water spray tests using liquid pool fires, ac-
counting for the nozzles that are not geometrically scaled. He proposed an equation 
for gas and pool fires to predict the critical water flow rate, which is exponentially 
proportional to an effective nozzle diameter, nozzle height, and free-burn HRR. The 
equation for the critical water density can be expressed as:

 (16.13)

where qw
 is the volumetric water flow rate (L/min), H is the clearance height be-

tween the nozzle and the pool surface (m), Q  is the HRR (kW), and Dne is the outlet 
diameter of the nozzle (mm). For comparison of nozzles with different geometries, 
an effective nozzle diameter should be used instead of the outlet diameter. Based on 
the conservation of mass and momentum equations, the effective nozzle diameter, 
Dne (mm), is defined as:

 
(16.14)

where M is the momentum (N) and ρw is the density of water (kg/m3). Heskestad 
[37] argued that spray-induced dilution of the flammable gas is a major factor in 
extinguishing gas fires, and that a liquid pool fire needs higher water rates to be 
extinguished compared to a gas fire.

It should be kept in mind that Heskestad’s equations presented above are only 
suitable for extinguishment of pool fires using a water spay nozzle directly above 
the pool.

Example 16.2 Estimate the water density required for one nozzle to extinguish a 
5 MW pool fire in a 5.5 m high tunnel. The nozzle has an outlet diameter of 7 mm is 
placed 5 m above the pool and is designed to cover 25 m2 of tunnel area.

Solution: The required water flow rate can be estimated using Eq. (16.13), that is, 
Vw

 = 0.312 × 71.08 × 50.4 × 50000.41 = 160 L/min. The water density can then be cal-
culated: ′′ =qw

160/25 = 6.4 l/(m2 min) or 6.4 mm/min.
In case of a water mist nozzle with several small outlets, Eq. (16.14) could be 

used to roughly estimate the effective nozzle diameter, although such a use has not 
been validated.

16.4.3.2  Suppression of Solid Fuel Fires

The suppression of solid fires normally takes a longer time due to the three-dimen-
sional characteristics of the solid fire source. The time that is required for extinction 
of a fire is correlated to the water flow rate. A higher water flow rate can reduce the 
extinguishment time and less fuel will be consumed.

1.08 0.4 0.410.312w neq D H Q= 
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Kung and Hill [38] investigated the extinction of wood crib and pallet fires and 
obtained some useful empirical equations. They conducted a series of experiments 
on extinguishment of wood crib fires by water applied directly on the top of the 
cribs and wood pallets. The water was applied on the top by means of a rake consist-
ing of perforated stainless steel tubes. They presented interesting nondimensional 
variables which basically account for variations in the preburn percentage and crib 
height, showing nondimensional fuel consumption and total water evaporated as 
functions of non-dimensional water flow rate. More specifically, it was shown that 
a single empirical correlation, for three types of cribs with the same stick size, but 
different crib height can be established between the ratio of crib mass consumed 
during the extinction period and combustible material remaining at the beginning 
of the water application, R, and the ratio of true water application rate and the fuel 
burning rate at the activation of water application, which is expressed as:

 

(16.15)

where Δmf, ex is the mass consumed during the extinction period (kg), mf, a is the 
combustible fuel mass at the activation (kg), mw

is the applied water flow rate 
(kg/s), c is the fraction of water applied that fell directly through the shafts of the 
crib, mf a, is the fuel burning rate at activation (kg/s), ξ is a correlation coefficient. 
Note that the factor c is introduced into the equation by Ingason [22].

In Kung and Hill’s work [38], the correlation coefficient ξ is a variable, which 
is 0.312 for the center-shaft ignited wood crib fires, 0.26 for the full-bottom ignited 
wood crib fires, and 0.15 for the wood pallet fires if the factor c is set to 0. Kung and 
Hill [38] also presented a single linear relationship between the ratio of total water 
evaporated and the total mass consumed during extinguishment and the ratio of the 
“true” water application rate versus the maximum free burning rate of the wood crib 
based on wood crib tests:

 (16.16)

where Δmw, ev is the total water evaporated (kg), mf ,max is the maximum burning rate 
in a free-burn test (kg/s) and Ψ is a correlation coefficient which is determined by 
Kung and Hill [38] to be 2.5.

Ingason [22] carried out a series of model-scale tunnel fire tests with a deluge 
system and a water curtain system using hollow cone nozzles, in order to improve 
the basic understanding of water spray systems in a longitudinal tunnel flow. The 
water spray system used consisted of commercially available axial-flow hollow 
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cone nozzles. Based on Kung and Hill’s work [38], Ingason [22] proposed the fol-
lowing equation to correlate the energy content with the HRR:

 
(16.17)

where ΔEw is the total energy taken by water evaporation (kJ), ΔEex is the total 
energy content at the activation (kJ), Qw

 is the heat flux taken by the water (kW) 
and Qf ,max  is the peak HRR in a free-burn test (kW). Ingason [22] correlated the 
non-dimensional ratio of HRR, excess gas temperature, fuel consumption, oxygen 
depletion and heat flux downstream of the fire to the non-dimensional water flow 
variable (the term on the right-hand side in the above equation), and good agree-
ment was found. In Ingason’s work [22], a value of 0.89 for the factor c provided 
a good fit to Kung and Hill’s equation [38]. This value is reasonable because in 
Ingason’s work [22] the wood cribs were loosely packed.

Tamanini [39] also investigated the application of water sprays to the extinguish-
ment of wood crib fires. A corrected water flow rate was used to correlate the re-
sults. It was also found that the mass consumed during extinguishment varied with a 
power law of the water flow rate, where the power of − 1.55 was used by Kung and 
Hill and was in the range of − 1.86 to − 2.18 according to Tamanini [39]. The time to 
extinction was also correlated with the corrected water flow rate and the activation 
parameters which suggests that the time to extinction prolongs significantly as the 
water flow rate decreases.

Yu et al. [9] made a theoretical analysis of extinguishment of rack-storage fires 
by cooling of the fuel surface. A thin layer of fuel undergoing pyrolysis was treated 
as a plate where the temperature was evenly distributed, that is, similar to a steel 
plate. It is also assumed that the energy absorbed by the surface of this “plate” re-
sulted in an increase of the burning area. Despite the simplicity, these assumptions 
seemed to work well. A fire suppression parameter, k, was identified to correlate the 
fire suppression results obtained from large-scale tests conducted using two differ-
ent commodities arranged in steel racks of different height. The estimated critical 
water flow rate is about 6 g/(m2s) for Class II commodities and 17–20 g/(m2s) for 
plastic commodities. Note that these values were estimated based on the fuel sur-
face area rather than the injection area at the top of the fuels. The HRR at a certain 
time after activation can be estimated using:

 
(16.18)

where the fire suppression parameter, k, is defined as:
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where Co is a coefficient related to the effective pyrolysis thickness, Lp is the heat 
of pyrolysis (kJ/kg), Tp is the temperature of pyrolysis (K), t is the time (s) and ta is 
the activation time (s), Qa

is the HRR at activation (kW).
Xin and Tamanini [11] also conducted a series of fire suppression tests using rep-

resentative fuels to assess the classification of commodities for sprinkler protection. 
They defined a critical sprinkler discharge flux as the minimum water flux delivered 
to the top of the fuel array capable of suppressing/preventing further fire develop-
ment, and obtained it by linear interpolation of the tests data. An empirical correla-
tion was proposed for a ceiling clearance of 3.05 m to estimate the actual water flux 
discharged to the fuel surfaces, which was correlated with the sprinkler discharge 
flux and the convective HRR. A similar equation to Eq. (16.14) was proposed to 
correlate the energy consumed during extinguishment with the water flow rate. The 
estimated critical sprinkler discharge flux was 6.9 mm/min for Class II commodi-
ties, 19.9 mm/min for Class 3 and Class 4 commodities, 25.6 mm/min for plastic 
commodities, and 26.9 mm/min for the cartoned meat trays. Note that these values 
correspond to the injection area at the top of the rack storages. It is concluded that 
classifications based on sprinkler discharge flux represents the fire hazard levels of 
the commodities of interest.

We can also get some indication from the equation for the critical water flow 
rate, Eq. (16.8). Note that at activation the local fuels could probably have been 
fully involved in burning, and the radiation heat flux should be much higher than 
the convective heat flux. Further, for a three-dimensional fire source, the radiation 
loss could be very limited for the fuels, most of which are located inside the flame. 
Therefore, Eq. (16.8) can be simplified into:

 
(16.19)

This suggests that the critical water flow rate is proportional to the net heat flux, 
which mainly consists of radiation heat flux. Further, in order to extinguish such a 
fire within a short time, the applied water flow rate must be much higher than the 
critical water flow rate discussed earlier.

In summary, the HRR and the energy consumed during extinguishment have 
been correlated with either the discharge water flow rate or the actual water flow 
rate. Some useful equations have been obtained, however, most of these equations 
are empirical and they must be used with caution.

Example 16.4 Roughly estimate the water flow rate required to effectively sup-
press a wood pallet fire in a 9 m wide tunnel. The potential fire size is 100 MW 
but is 20 MW at the activation of the water spray system. Here we define the effec-
tive suppression as only 20 % of the fuel mass at activation consumed during the 
extinction period. The wood pallet piles are 3 m wide and 8 m long, and its heat of 
combustion is approximately 15 MJ/kg.

Solution: The water flow rate applied on the wood pallets can be estimated using 
Eq. (16.16). First we need to estimate the fraction of water applied that not fall onto 
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the fuel surfaces c. Given that the wood pallets are densely packed, it is reason-
able to assume that all water droplets falling on the wood pallets do not penetrate 
the fuel and reach the tunnel floor. The parameter c therefore can be estimated as: 
c = (9 − 3)/9 = 2/3. This indicates 2/3 water applied does not have direct effect on the 
burning of the fuels. Note that the correlation coefficient ξ is 0.15 for wood pallets and 
the parameter R = 0.2 according to this assumption. Now use Eq. (16.16) to estimate 
the water flow rate, that is, 0.645

, ( / ) / (1 )w f am m R cξ −= −   = (20/15) × (0.2/0.15)−0.645/
(1 − 2/3) = 3.32 kg/s or 199 L/min. The tunnel section length with fuels burning can 
roughly be estimated as: 20/100 × 9 × 8 = 14.4 m2. Therefore the water density can 
be estimated: 199/14.4 = 13.8 mm/min or L/(min m2).

16.4.4  A Short Discussion

In an open fire and a compartment fire, vaporized water vapor can surround the fire 
and flame, and the dilution effect could be significant enough to behave as the main 
mechanism of fire extinction. However, in a ventilated tunnel fire, water vapor will 
be blown away from the fuel surfaces, and thus the dilution effect is reduced signifi-
cantly. Small droplets can also be blown away. In any case, the models and equa-
tions developed for suppression of open fires and enclosure fires must be verified 
in tunnel fires. Further, research on the mechanisms of fire suppression in tunnels 
is highly recommended.

16.5  Tunnel Fire Detection

All the fire suppression systems used in tunnels need fire detection systems for ac-
tivation. The only exception is a system solely consisting of automatic sprinklers in 
which thermal heads are embedded.

In the following sections, different types of fire detection systems used in tun-
nels are shortly summarized, and then a summary of tunnel fire detection tests is 
presented.

16.5.1  Types of Fire Detection

The fire detection systems used in tunnels include line type heat detection, smoke 
detection, flame detection, visual image fire detection, CCTV system, spot heat 
detection, and/or CO2/CO sensing fire detection.

Line type heat detection (LTHD) have been used in road tunnels for fire detec-
tion for approximately 40 years. Line type heat detection detect fires by absolute 
temperature value or temperature changes. There are four types of line type heat de-
tection systems used in tunnels, that is, electrical cable, optical fiber, thermocouple, 
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and pneumatic heat detection systems. The electrical cable heat detectors are sub-
divided into four types, that is, thermistor type, analog integrating circuit, digital 
circuit, and semiconductor circuit. Optical fiber cable detects cable deformation 
due to exposure to heat through a change in light transmission or a change in back 
scattering. Line type thermocouple detection has the measuring junction unfixed 
and when it is subjected to an increase in temperature it becomes concentrated at 
the hottest point anywhere along the sensor’s entire length. Pneumatic heat detec-
tion systems detect the pressure rise due to gas expansion after the tube is exposed 
to flames or hot smoke flows. Among these systems, the fiber optic heat detection 
is the most widely used LTHD system in tunnels. These systems respond differently 
but this topic has not been systematically studied except for the spot heat detector 
which will be discussed in the following text.

Smoke detectors detect smoke particles either by light extinction sensors, light 
scattering sensors, or by ionization attenuation sensors. A light extinction smoke 
detector detects smoke by measuring extinction of the light due to absorption of the 
smoke particles, while a light scattering smoke detects smoke by measuring light 
signals caused by scattering due to the smoke particles. An ionization smoke detec-
tor uses a radioisotope to produce ionization and the difference over a certain level 
caused by smoke can be detected, however, it has been found that it is not sensitive 
to smouldering fires. Similar to heat detectors, the response of the smoke detectors 
has a delay, which can be estimated using some validated models, for example, the 
model proposed by Cleary et al. [40]. In practice, the dust sensors for air quality 
control can be used as complementary smoke detectors in case of a fire.

Flame detectors sense electromagnetic radiation and are designed to discrimi-
nate flame radiation from the other sources. The radiation wavelengths can be 
in the ultraviolet, visible, or infrared portions of the spectrum. Protection against 
false alarms due to sunlight, the lighting system in the tunnel, and the light from 
the vehicles is necessary.

Visual Image flame and/or smoke detectors digitize the video images from cam-
eras and use computer software to identify flames or smoke. The algorithms used 
can become very complicated in order to distinguish the flame and/or smoke from 
the other items such as light and dust.

CCTV monitors have been used in many tunnels mainly for traffic control but 
can also be used for monitoring fire accidents and for triggering an alarm manually.

Spot heat detection measures the heat inside the tunnel at a certain interval, for 
example, placement of thermocouples every 30 m. The response of spot heat detec-
tors has been systematically investigated. Heskestad [41] proposed the use of the Re-
sponse Time Index (RTI) to rank different types of automatic sprinklers and detectors.

The CO2 and CO sensors have been used in many tunnels for controlling air 
quality inside the tunnel under normal ventilation. Although they are not designed 
for fire detection, they can be used as a complementary system for fire detection in 
tunnels.

Besides these detection systems, the fire could also be detected immediately by 
a driver or passenger, who could sound the alarm afterward by either pushing the 
fire alarm button inside the tunnel or communicating with tunnel managers or fire 
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brigade in other ways. More information on fire detection can be found in the lit-
erature, for example, Schifiliti et al. [42], Maciocia and Rogner, and Zalosh and 
Chantranuwat [43].

In summary, different detection systems are used in tunnels, mainly depending 
on the designed safety level for the specific tunnel. For a detection system in com-
bination with a fire suppression system, it must be able to exactly determine the 
location of fire site. From this view point, LTHD is required. Further, the use of dust 
detectors and CO/CO2 measurement equipment designed for normal ventilation as 
complement to fire detectors is a good combination, but the distance between instal-
lations should be shortened for better performance.

16.5.2  Summary of Fire Detection Tests in Tunnels

A summary of fire detection tests in tunnels is presented in Table 16.2. Most of the 
tests were carried out in Europe focusing on LTHD systems. Quite limited informa-
tion is available in the literature.

Only the three well documented test series, that is, the 2nd Benelux tunnel fire 
detection tests in 2000/2001, the Runehamar tunnel fire detection tests in 2007 and 
the Viger tunnel fire detection tests in 2007 are discussed in detail in the following.

16.5.2.1  Second Benelux tunnel fire detection tests—2000/2001

During 2000–2001, 13 fire detection tests were carried out in the 2nd Benelux tun-
nel [45] consisting of eight small fires and five larger fires (three pool fires, one van 
fire, and one simulated truck load fire. Three different LTHD systems were placed 
both close to the wall and around 3.5 m from one wall (based on estimation). One 
detection system consisted of a glass fiber detector cable and the other two were 
electronic sensors on regular distances of several meters. Three different fire source 
locations were tested. The ventilation velocity varied from 0–5 m/s. The sizes of the 
pools used in the tests varied from 0.5 to around 2 m2.

The maximum temperature measured by the systems for each test were in the 
range of 20–30 °C, however, the detection location differed more than 20 m in 
some tests with high velocities. The difference between the detection location and 
the fire location is mainly due to the effect of ventilation, and partly due to the 
placement between the fire location and the detectors and the measurement error 
of the LTHDs.

16.5.2.2  Runehamar Tunnel Fire Detection Tests—2007

A total of eight tests were carried out to investigate the performance of different 
LTHD and smoke detection in the Runehamar tunnel in 2007 [46]. In seven of the 
tests, the fire sources were a square heptane pool with a side length of 0.4–1 m and 
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in one test the fire source was a real car. For the LTHD, a fixed alarm limit was set 
to 3 °C in 4 min, while for smoke detectors, the soot or dust density was generally 
greater than 3000 µg/m3. The smoke detectors were placed 62.5 and 125 m down-
stream of the fire source. The results showed that for heptane pool fires the heat 
detection worked very well but not for the car fire test, and the smoke and dust de-
tectors worked well in the car fire test but not as good as the heat detection for pool 
fires. It was concluded that the airflow increases the time to detect for heat detection 

Table 16.2  Summary of fire detection tests in tunnels [43–47]
Year Tunnel Country Type of 

detection
Fire source HRR 

(MW)
Ventilation 
velocity, uo 
(m/s)

1992 Mositunnel Switzerland Line type 
heat detector, 
spot heat 
detector, 
and smoke 
detectors

Pool fire 
0.5–4 m2

Mostly 1

1999 Schonberg and 
Gubrist tunnel

Switzerland Line type 
heat detector 
(fiber optic)

Gasoline

1999 Colli Berici 
unused tunnel

Italy Line type 
heat detector

1999 CSIRO Australia Line type 
heat detector

Hot smoke 1.36

2000 Hagerbach 
model tunnel

Switzerland Gasoline 
0.25–
0.75 m2

0.42–1 0.75–2.8

2000 Felbertauern 
Tunnel

Switzerland Diesel 
2 m2, 3 m2 
and ethano 
l m2

3.5–11.0

2000 Boemlafjord 
Tunnel

Finland 3

2001 Shimizu 
Tunnel

Japan Gasoline, 
car, 1–9 m2

2–3

2001 Second Ben-
elux Tunnel

Netherlands Line type 
heat detector

Gasonline, 
van, simu-
lated truck

1–25 0–5

2007 Runehamar 
Tunnel

Norway Line type 
heat, smoke 
detector

Heptance, 
car

0.2–3 1.1–1.8

2007 Viger tunnel Canada Line type 
heat, flame 
detector and 
Visual image 
fire detection

Gasoline 
pool, 0.09–
0.36 m2

0.125–
0.65

0–2.5

16.5  Tunnel Fire Detection 
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systems and decreases the detection time for smoke detection. However, this con-
clusion could be questionable. Note that the pool fires resulted in a rapid increase 
in temperature at the early stage, and thus could not be representative of typical 
vehicle fires. In such cases, using the temperature increase rate as the criteria for 
fire detection is not comparable to smoke detection. Further, the better performance 
of smoke detection in case of a car fire is mostly attributed to the slowly growing 
fire which cannot trigger the heat detectors. The smoke detectors tested were more 
sensitive compared to the heat detectors, however, the disadvantages of smoke de-
tectors are the long delay of measurement due to smoke transportation, tube suction 
and measurement in the collector, and the disability in determining the exact fire 
location for the fire suppression system or evacuation or fire fighting. In case of a 
fast growing fire, heat detection can be expected to perform better.

16.5.2.3  Viger Tunnel Fire Detection Tests—2007

In 2007, nine tests were carried out in Tube A of Carré-Viger Tunnel located in 
downtown Montreal, Canada [47]. The section of the tunnel used in the tests was 
400 m long, 5 m high, and 16.8 m wide (four traffic lanes). Six fire detection sys-
tems were evaluated in the test series, including two linear heat detection systems, 
one optical flame detector, and three video image detection (VID) systems. Two 
LTHDs were installed on the ceiling of the tunnel.

Gasoline was used as fuel in all the tests. The fire scenarios used in the tests 
included a small gasoline pool fire (0.09 m2), a gasoline pool fire (0.36 m2) located 
underneath a simulated vehicle, and a gasoline pool fire (0.36 m2) located behind a 
large simulated vehicle. The HRRs varied from 125–650 kW as measured using a 
calorimeter. Four tests were conducted with a small gasoline pool fire (0.09 m2) at 
different locations in the tunnel. The peak HRR produced by the fire was approxi-
mately 125 kW. The tests were designed to study the effect of changing fire loca-
tion on the response of the detection systems to a small open pool fire. There was 
minimal airflow in the tunnel during these tests. In this scenario, the fire developed 
very quickly and substantial smoke was produced. Three tests were conducted with 
a pool fire located underneath a simulated vehicle. The tests were used to study the 
impact of airflow on the response of detection systems to a small fire (0.6 m × 0.6 
fuel pan) located underneath a vehicle. The average airflow velocities varied from 
0–2.5 m/s.

16.5.3  A Short Discussion

A detection system used in combination with a fire suppression system needs to be 
able to exactly determine the location of fire site. From this viewpoint, LTHD is 
required. Further, smoke detectors could be good supplementary detectors in tun-
nels, and use of normal dust detectors as smoke detectors in case of a fire could be 
a good option. Further, CCTV used for traffic control can also be used to confirm 
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the exact location of the fire accident. Other detection technology can be used as 
aids. In short, a combination of different detection systems which include at least 
LTHD, smoke/dust detectors and/or CCTV monitoring forms a reliable fire detec-
tion system.

16.6  Summary

The basic concepts of fire suppressions systems are described. There are mainly two 
water-based fire suppression systems used in tunnels, that is, water spray systems 
and water mist systems. The main difference is the pressure and water droplet size.

The mechanisms of extinguishment of fires using water-based fire suppression 
systems are introduced, which can be classified into two types: condensed phase 
suppression and gas phase suppression. In the condensed phase, surface cooling is 
the main mechanism. In the gas phase, it can be categorized into gas cooling, heat 
capacity and dilution effects, and kinetic effects. In a ventilated tunnel fire, the va-
porized water vapor will be blown away from the fuel surfaces, and thus the dilution 
effect is reduced significantly. Small droplets could also be blown away. The main 
extinguishment mechanism is fuel surface cooling in tunnel fires. This suggests that 
the water spray systems with larger water flow rates will have better performance in 
suppression of tunnel fires with longitudinal ventilation.

The critical conditions at extinction are discussed. Further, suppression of realis-
tic fires are discussed where both the water flow rate and the total water flow used 
for fire suppression are discussed.

A summary of fire suppression tests carried out in tunnels, and their main find-
ings, is presented. The use of fire suppression systems in a tunnel is always a cost-
effectiveness issue. The capability of fire suppression systems must be improved to 
effectively suppress fires rather than merely control them.
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Chapter 17
CFD Modeling of Tunnel Fires
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Abstract Computational fluid dynamics (CFD) modeling has been widely used 
for performance-based tunnel fire safety design in engineering applications. A CFD 
tool divides a computation domain into a large number of small cells, and solves 
a set of differential equations with sub-models using different solution algorithms. 
The CFD users need to not only efficiently use CFD tools, but also to understand 
the embedded mechanisms. The basics of CFD modeling are introduced including 
controlling equations, different turbulence models, and numerical methods. Sub-
models important for tunnel fires are then described, that is gas phase combustion 
models, condensed phase pyrolysis models, fire suppression models, wall func-
tions, and heat transfer models. Despite the rapid development and completeness 
of these models related to fire phenomena, many limitations exist which should be 
always kept in mind by the users. Recommendations for CFD modeling of tunnel 
fires are presented.

Keywords CFD · Turbulence · Discretization · Combustion · Pyrolysis · Fire 
suppression · Wall function · Heat transfer · Limitation · Suggestion

17.1  Introduction

In the past several decades, CFD modeling has been rapidly developed together 
with significantly increased capacities of the computers.

There have been some commercial CFD tools widely used in a variety of ap-
plication fields, for example, ANSYS Fluent, ANSYS CFX, PHOENICS, STAR-
CCM+. Although, these general CFD tools embed many models and have strong 
capability of modeling different phenomena, they are generally not well tailored for 
fire modeling.

There have also been some specific CFD tools developed for use in fire model-
ing, such as JASMINE, SMARTFIRE, SOFIE, Fire Dynamics Simulator (FDS) 
[1], and FireFoam [2]. Among these, FDS developed by NIST [1] has become the 
standard in the fire community.

To date, CFD modeling has been widely used in performance-based fire safety 
design. Many research and application papers on CFD modeling of tunnel fires can 
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be found in the literature. For example, Cheong et al. [3] simulated the burning of 
wood pallets, and Li et al. [4] simulated smoke characteristics of the large fires in 
the Runehamar tunnel fire tests carried out by Ingason et al. [5, 6].

CFD modeling simulates complex phenomena by use of numerous models. The 
CFD users are required to not only efficiently use the tool, but also to understand the 
embedded mechanisms. In this chapter, the basics of CFD modeling and the models 
related to fire dynamics are introduced, and limitations and recommendations are 
presented.

17.2  CFD Basics

The fundamental idea of CFD modeling is to divide a computation domain into a 
large number of small cells, and to solve a set of differential equations with sub-
models using different solution algorithm. Within each cell, the properties are as-
sumed to be uniform. The phenomena at a scale larger than the cell size are directly 
solved using the controlling equations but those at a smaller scale are simulated 
using sub-models.

17.2.1  Controlling Equations

The controlling equations describing the conservation of mass, momentum, and 
energy can be written as follows:

Mass:

 
(17.1)

or in terms of individuals species (mass fraction Y):
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In the above equations, ρ is the density (kg/m3), t is the time (s), x, y, z are the carte-
sian axis (m) and u, v, w are the velocity in the x, y, and z direction respectively (m/s). 
D is the mass diffusivity (m2/s), μ is the viscosity (kg/(m s)), k is the heat conductiv-
ity (kW/(m K)), p is the pressure (Pa), g is the gravitational acceleration(m2/s), h is 
the specific enthalpy (kJ/kg), S is the source term, F is the force term (N/m3), Y is 
the species mass fraction and Ф is the dissipation function. Subscripts m is the mass, 
M is the momentum, h is the enthalpy, F is the external force such as drag exerted 
by water droplets, and i is the ith species. Superscript (·) indicates per unit time and 
("') per unit volume.

Note that the kinetic energy has been replaced by tensors and force terms, and 
g is the gravity vector. The stress sensors are solved by the deformation rate of the 
fluid volume.

17.2.2  Equation of state

Thermodynamic equilibrium can be assumed for an ideal gas. The state equation for 
pressure can be expressed as:

 (17.7)

with ambient pressure distribution:

 (17.8)

The state equation for internal energy, e, and enthalpy, h, can be written as:

 (17.9)

For gases consisting of N species, the pressure can be summed as:

 
(17.10)

and the total enthalpy can be estimated by:

 
(17.11)

In the above equations, R  is the universal gas constant (8.314 kJ/(kmol K)), M is 
the molecular weight (kg/kmol), T is the gas temperature in Kelvin (K), e is the 
specific internal energy (kJ/kg), h is the enthalpy (kJ/kg), cp is the specific heat at 

R
p T

M
ρ=

o
o

dp
g

dz
ρ= −

e c T h c Tv p= =and

1 1

( )
N N

i i
i

ii i

R T
p p

M

ρ

= =

= =∑ ∑

h c dTp iT

T

i

N

o

= ∫∑
=

,
1



44917.2  CFD Basics 

constant pressure (kJ/(kg K)), cv is the specific heat at constant volume(kJ/(kg K)), 
po is the ambient pressure (Pa) and z is the altitude height (m). Subscript i represent 
the ith species.

17.2.3  Turbulence

All flows are stable below a certain Reynolds number (Re = ρul/μ, l is length scale), 
referred to as laminar flow. However, above a certain Reynolds number, the flows 
become unstable and turbulent, referred to as turbulent flow. Between these re-
gimes, the flows are called transitional flows.

There are different models that can be used in CFD simulations to simulate the 
turbulence. They can be primarily classified into three types, Navier–Stokes mod-
els, large eddy simulation (LES) and direct numerical simulation (DNS).

In turbulent flows, the fluctuations results in additional stresses on the fluid, 
called Reynold stresses. The mechanism for diffusion of momentum and energy is 
different between laminar and turbulent flows.

17.2.3.1  Averaged Navier–Stokes models

Averaged Navier–Stokes models solve the averaged controlling equations, and in-
troduce sub-models to solve the terms related to fluctuating components in momen-
tum and energy equations. The flow variables, that is, velocity and pressure, are 
decomposed into two components: a mean component and a fluctuating compo-
nent, for example, ϕ ϕ ϕ= + ′. There are two averaging methods that could be used: 
the Reynolds averaged Navier–Stokes (RANS) model or Favre averaged Navier–
Stokes (FANS) model. The Reynolds averaged method solves the time averaged 
controlling equations while the Favre averaged method solves the weighted aver-
aged equations based on Reynolds averaged controlling equations. If the density 
fluctuations are small in some specific cases, we can obtain the same equations 
using both methods. Compared to RANS, FANS is much better in handling com-
pressible flows. Here, the Favre averaged Navier–Stokes model is presented. The 
Favre averaging is a weighting averaging method, which is given by

 
(17.12)

where φ is a variable property. Superscript “-” indicates average value over a small 
time increment and “∼” indicates favre averaged value.

The controlling equations in Cartesian coordinates can, therefore, be expressed 
as:
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or in terms of individuals species:

 

(17.14)

Momentum:
X axis:

 

(17.15)

Y axis:

 

(17.16)

Z axis:

 

(17.17)

Energy:

 

(17.18)
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Note that the main difference between the above equations for turbulent flows and 
for laminar flows is the presence of additional terms on the right-hand sides of the 
momentum equations Eqs. (17.15–17.17), the species transport equation Eq. (17.14) 
and the energy equation Eq. (17.18). These terms indicate the additional diffusion of 
momentum and mass, and extra dissipation of energy. The terms in the momentum 
equation are called the Reynolds stress and therefore, the momentum equations are 
called the Reynolds equations. The Navier–Stokes turbulence models are proposed 
to correlate these turbulent terms with the mean values of the flows. The source 
terms can be easily obtained by averaging the original terms.

The averaged Navier–Stokes turbulence models mainly include: the zero equa-
tion model (mixing length model), two equation k-ε model, Reynolds stress equa-
tion model, and algebraic stress model. The most widely used and validated stan-
dard k-ε model is briefly depicted here.

The turbulent kinetic energy, K (m2/s2), and viscous dissipation rate, ε (m2/s3), 
respectively are defined as:

 

(17.19)

where μt is the turbulent viscosity (kg/(m s)), which is assumed to be isotropic in 
the k-ε model. u′, v′, and w′ are the fluctuating component of velocity u, v, and w 
respectively (m/s). Subscripts i and j indicate x (1), y (2), or z (3) axis.

The Reynolds stress in the momentum equation, τij (kg/(m s2)), is linked to the 
mean rates of deformation by:

 

(17.20)

where the Kronecker delta, δi, j, is defined as:

 

(17.21)

Note that the turbulent terms in the momentum equation have been correlated with 
the mean terms. The main task left is to estimate the turbulent viscosity, μt. In the 
standard k-ε model, it is assumed that the turbulent eddy viscosity is proportional to 
the turbulent velocity scale and length scale which can be replaced by the turbulent 
kinetic energy and viscous dissipation rate. This assumption leads to:

 

(17.22)
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The k equation can be expressed as:

 

(17.23)
And the ε equation can be expressed as:

 

(17.24)

where

The turbulent terms in other equations are directly correlated with the turbulent 
viscosity by analogy. The turbulent terms in energy equation can be expressed as:

 

(17.25)

The turbulent terms in species scalar equation is expressed as:

 
(17.26)

The corresponding turbulent conductivity, kt, can be estimated by:

 

(17.27)

And the turbulent mass diffusivity, ( ρD)t, is:

 

(17.28)

where Prt is turbulent Prandtl number and Sct is turbulent Schdmit number. It should 
be kept in mind that the standard k-ε model is only suitable for flows with high 
Reynolds numbers, that is turbulent flows. There are also k-ε equations for low 
Reynold numbers where the viscous diffusivity term needs to be accounted for.
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17.2.3.2  Large Eddy Simulation (LES)

As described in the last section, RANS introduces extra equations to model the tur-
bulence, and both large and small eddies are modeled using turbulence sub-models. 
In contrast, LES directly simulates the mean flow and the largest eddies and only 
simulate the small eddies using sub-grid scale models. LES models can use explicit 
filter functions to filter the small eddies. The spatial filtering operation could be 
expressed as follows:

 (17.29)

where G is the filter function and Δ is the filter width which is generally equal to the 
cell size. The most common filter functions include: the Top hat filter function, the 
Gaussian filter function, and the Fourier Cut-Off filter function [7].

Similar to the Navier–Stokes turbulent models, the Favre averaging is used here, 
which is given by

 (17.30)

The controlling equations for large eddy simulation are similar to those for the 
FANS model except the turbulent stress terms:

Mass:

 (17.31)

or in terms of individuals species:

 

(17.32)

Momentum:
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Energy:
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It should be kept in mind that all the variables are filtered values. Also, note that 
the turbulent stress terms in the controlling equations for LES are different with 
the Reynolds stress terms for FANS owing to the different definitions. Despite the 
difference, the turbulent stresses also need to be solved using sub grid scale (SGS) 
models. The commonly used SGS models mainly include the Smagorinsky model, 
structure function model, mixed scale model, dynamic SGS models, and one-equa-
tion SGS models [7]. Here, the basic Smagorinsky model which is used in FDS [1] 
is depicted briefly.

In the Smagorinsky model, the turbulent eddies are assumed to be isotropic. The 
subgrid turbulent stresses are modeled as:

 
(17.35)

where the rate-of-strain tensor, Sij , is defined as:

 

(17.36)

It is assumed that the turbulent viscosity can be described in terms of a length scale 
and the average strain rate of the flow, which suggests:

 

(17.37)

where Cs is a coefficient ranging between 0.065 and 0.3. This value is set to 0.2 in 
FDS [1].

Similar to the Favre averaged Navier–Stokes models, the turbulent terms in other 
equations are also correlated with the turbulent viscosity by analogy. The turbulent 
terms in energy equation can be expressed as:

 

(17.38)

The turbulent terms in scalar equation is expressed as:

 

(17.39)

The corresponding turbulent conductivity and mass diffusivity can be simply esti-
mated by:
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and

 (17.41)

In FDS, both the turbulent Prandtl number and the Schmidt number are set to be 0.5.

17.2.3.3  Direct Numerical Simulation

Direct numerical simulation (DNS) directly solves the controlling equations and 
directly simulates both the largest and smallest eddies. Note that the controlling 
equations for DNS are the same as the equations for laminar flows. Therefore, the 
mesh size should be smaller than the smallest eddy in the flow, where the Reynolds 
number is equivalent to unity. The grid number in three-dimensional simulations 
scales as 9/4 power of the Reynold number. As the Reynolds number increases, the 
difference between the smallest and largest eddies also increases, and the required 
grid numbers increases rapidly. Although, some investigations suggest that a reduc-
tion by a factor of 100 in the number of the cells is possible without significant loss 
of accuracy, it is apparent that a DNS calculation is very costly.

Note that use of DNS only suggests the possibility of modeling the flow per-
fectly, rather than modeling the fire-induced flows perfectly since, the later depends 
not only the flow models but the other sub-models which will be discussed later.

17.2.4  Discretization Methods

The controlling equations need to be discretized and solved over the cells. Three 
discretization methods are widely used, that is: the finite volume method (FVM), 
finite element method (FEM) and finite difference method (FDM). Additionally, 
the boundary element method, spectral element method, and other high-resolution 
discretization schemes could be used. Here, we focus on the finite volume method 
which is widely used in computational fluid dynamics owing to its clear physical 
meaning and completeness. First we discretize a computation domain into a large 
amount of small control volumes.

Note that the controlling equations for mass, momentum, and energy can be writ-
ten in a simple form:

 
(17.42)

where φ is a variable property (1 for mass, u for momentum and h for energy), u 
is the velocity vector and S is a source term. The symbol div is the divergence and 
grad is the gradient.
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Integrating the above equation from time t to t + Δt for the control volume (CV) 
suggests:

 

(17.43)

17.2.4.1  Temporal Discretization

The integration of the terms in the above equation, except the first term on the left-
hand side signifying the rate of change, from time to t+ Δt can be expressed in such 
a way:

 (17.44)

where ∆t is time step (s) and ξ is a coefficient for the discretization.
If ξ = 0, the term φ at time t + Δt is estimated fully based on the values at time t, 

and the resulting scheme is called fully explicit or Euler explicit scheme. If ξ = 1, 
the term φ at time t + Δt is estimated fully based on the values at time t + Δt, and 
the resulting scheme is called fully implicit or Euler implicit scheme. If ξ = 1/2, the 
scheme is called the Crank–Nicolson scheme. However, note that the first term in 
Eq. (17.43) signifying the rate of change includes the derivative of time and the time 
increment can be depleted, and thus it always has the same form, regardless of the 
schemes.

For fully explicit scheme, stability conditions, that is, Courant–Friedrichs–Lewy 
(CFL) condition and Von Neumann criterion, need to be fulfilled to avoid instabil-
ity.

For structured grids, the CFL condition can be simply expressed as:

 

(17.45)

and the Von Neumann criterion is:

 

(17.46)

where Δx, Δy, Δz are the size of the grid cell in the x, y, and z direction respectively, 
D is the mass diffusivity (m2/s), v is the kinematic viscosity (m2/s) and a is the ther-
mal diffusivity (m2/s).

These limitations are used to stabilize the solution by forcing the coefficients in 
the numerical equations above zero. The physical meaning is to avoid the flow of 
mass, momentum, and energy transferring too fast.
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A fully implicit scheme indicates that the obtained results are always stable in 
theory. However, small time steps are required to reduce computation errors since 
the accuracy of the fully implicit scheme is generally first order or second order in 
time. For example, the fully implicit Euler scheme is only first order. Further, small 
time steps could also be required in case of a transient flow involving time depen-
dent boundaries or very complicated phenomena.

17.2.4.2  Spatial Discretization

For the convection term and the diffusion terms, we need to discretize the term as 
a derivative of the volume size. Let us consider, a control volume enclosed by two 
neighboring volume west (W) and east (E) and the two corresponding boundaries 
are called w and e ( x axis from w to e).

 

(17.47)

The values at the boundaries need to be replaced using the values of the cells beside 
the control volume. There are many schemes for discretization of the boundary 
terms, including: the central differencing scheme, upwind differencing scheme, hy-
brid differencing scheme, power-law scheme, QUICK scheme, and other high order 
schemes, for example the Superbee scheme for convection [8].

The central differencing scheme for this volume can be expressed as:

 

(17.48)

For a convection and diffusion problem, the central differencing scheme may result 
in instability unless it fulfills the condition for the Peclet number:

 
(17.49)

The physical meaning is that the directionality of influencing is not expressed well 
using the central differencing scheme in a flow.

The upwind scheme suggests that the value of the upwind mesh is used as the 
boundary value, for example, if the wind is from west to east, we have

 (17.50)

Although the upwind scheme is so simple and its accuracy is only first order, it is 
useful for convection problems. To increase accuracy at a high Pe number, the hy-
brid differencing scheme of Spalding can be used. The hybrid differencing scheme 
is a combination of the upwind scheme and central differencing scheme, and is valid 
for the whole range of the Peclet number.
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The accuracy of hybrid and upwind schemes is only first order. Higher order 
differencing schemes could be used to speed up the computation. The quadratic 
upwind differencing scheme (QUICK) [9] is a good example:

 

(17.51)

where EE is the further east mesh.

17.2.5  Solution Algorithms

After the discretization of the equations we can obtain several discretized equa-
tions for each mesh. To solve these large numbers of algebraic equations, special 
algorithms need to be applied. The core of the solution is to solve the momentum 
equation.

Solution algorithms include the full coupling method and the pressure–velocity 
linkage method. The full coupling method solves the system of all the algebraic equa-
tions. The problem is that the system is highly nonlinear. Therefore, the full coupling 
method is much less efficient compared to the pressure–velocity coupling method. 
Most commercial CFD software only adopts the pressure–velocity linkage method.

The pressure–velocity linkage method could be divided into two sets, the pres-
sure-based methods and the density-based methods. The pressure-based methods 
are more often used in incompressible flows while the density-based methods in 
compressible flows. The pressure-based methods can be classified into: the SIM-
PLE-based algorithms and the Poisson algorithms. The SIMPLE-based algorithms 
include SIMPLE, SIMPLER, SIMPLEC, and PISO. They calculate the pressure on 
the staggered grid arrangement following a guess-and-correct procedure. The SIM-
PLER algorithm is more efficient at correcting the pressure than the SIMPLE algo-
rithm and thus regarded as the standard algorithm in many CFD codes. The Poisson 
algorithms consist of, for example,the Marker-And-Cell (MAC) method [10], the 
simplified MAC method SMAC [11], and ALE [12]. These direct-solve the Poisson 
equation for the pressure and show high efficiency. However, the SIMPLE-based 
methods are more widely used in the general CFD codes.

17.3  Sub-Models Related to Tunnel Fires

17.3.1  Gas Phase Combustion

The gas-phase combustion theoretically, always takes a discrete amount of time. 
However, compared to the flow time the reaction time can generally be ignored. The 
Damköhler number is used to characterize these two times [13, 14]:
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 (17.52)

We may classify the gas phase combustion models in two ways, that is: the general-
ized finite rate combustion and infinite rate conserved scalar combustion.

The generalized finite rate combustion model requires accurate modeling of 
the diffusion of fuel and oxygen, which accordingly requires very fine meshes and 
small time steps. The generalized finite rate combustion model includes the laminar 
finite rate chemistry model, the eddy breakup and dissipation model, etc. [7, 15]. 
The finite rate chemistry model uses the Arrhenius kinetic expression for the reac-
tion rate. The eddy breakup and dissipation models assume that the local strain rate 
of turbulence dominates the reaction rate in turbulent flames. The eddy breakup 
reaction rate is taken to be simply based on the species concentration fluctuations 
and the rate of eddy breakup.

The conserved scalar combustion models have no chemical source terms in the 
scalar equations due to the introduction of a mixture fraction. Such models includes: 
the infinite rate mixture fraction model, the laminar flamelet model, the probability 
density function model, etc. The infinite rate mixture fraction model assumes that 
the reaction of fuel and oxygen completes immediately after mixing. The laminar 
flamelet model considers a flame as an ensemble of laminar flamelets. The prob-
ability density function model applies the probability function to account for the 
interaction between the turbulence and the combustion.

For CFD modeling of a tunnel fire, the computation domain is very large com-
pared to the dimensions of the fire source. A finite rate combustion model requires 
very fine grid sizes and small time steps for modeling of the fire domain, which 
suggests that modeling of a flame using the finite rate method and modeling of 
smoke movement in a tunnel are at different scales and the finite rate combustion 
models are not particularly suitable for use in engineering applications at present. 
Instead, the infinite rate mixture fraction model is more practical and has already 
been widely used in modeling of tunnel fires. The mixture fraction model used in 
FDS [1] is briefly described below.

The chemistry equation is assumed to be:

 
(17.53)

Thus

 (17.54)

The mixture fraction, Z, is defined as:

 (17.55)
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where

Mass conservation:

 (17.56)

Define the flame surface as:

 

(17.57)

The conditions for the flame surface:

 

(17.58)

In the above equations, vF, vO, and vp are the stoichiometric coefficient for the fuel, 
oxygen, and combustion products, ′′′m  is a mass source term (kg/(m3 s)), M is 
the molecular weight (kg/kmol), Y is the fuel mass fraction in the volume, Z is the 
mixture fraction. Subscript F is the fuel, f is the flame, O is the oxygen, and P is the 
combustion product. Superscript ∞ indicates ambient condition and I indicates inlet.

The mixture fraction model has proven to be simple and robust, and coarse 
meshes are allowed, however, the flammability conditions are difficult to determine 
in the coarse meshes.

17.3.2  Condensed Phase Pyrolysis

In most engineering applications, we simply simulate a tunnel fire using a gas burn-
er producing a fixed heat release rate (HRR) or a HRR curve. Therefore, only gas 
combustion is simulated.

In some cases, modeling of a pool fire or a solid fire may also be of some 
interest. For example, to investigate the performance of a fire suppression sys-
tem using CFD, a pool fire or a more realistic solid fire generally needs to be 
modeled. Unfortunately, the present capability of CFD tools seldom succeeds in 
these tasks due to lack of understanding of mechanisms of these condensed phase 
pyrolysis. Here, only a short description of the pyrolysis models is presented for 
information only.
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17.3.2.1  Solid Phase

The pyrolysis rate of a solid fuel is mainly related to the fuel temperature and mass 
concentration and could be correlated with the Arrhenius expression [16, 17] for a 
small volume inside the fuel:

 

(17.59)

where Yf is the fuel mass fraction, Tf is the fuel temperature (K), Apef is the preexpo-
nential factor (pef), and EA is the activation energy (kJ/kmol). Both the activation 
energy and the preexponential factor are generally considered as constant for a spe-
cific fuel, and could be obtained from small-scale tests.

Heat conduction inside the fuel needs to be appropriately modeled. The heat is 
absorbed by the fuel surfaces and conducted into the fuel to support the pyrolysis. 
The fuel vapor evaporates, penetrates to the surface, mixes with oxygen and burns 
in the air. Note that for thermoplastic materials the mechanism of heat transfer into 
the fuels is slightly different.

17.3.2.2  Liquid Phase

The volume fraction of the vapor right above the surface of a liquid pool or a liquid 
droplet can be estimated according to the Clausius–Clapeyron relation as follows 
[18]:

 (17.60)

where Ts is the liquid surface temperature (K), Tb is the boiling temperature (K), Lv 
is the heat of vaporization (kJ/kg) and Xf is the volume fraction of fuel vapour. The 
produced fuel vapour leaves the fuel surface, mixes with air and burns. By compar-
ing the difference between the estimated fuel vapour concentration, according to the 
Clausius–Clapeyron relation and the actual volume fraction of fuel vapor above the 
fuel surface the mass burning rate could be estimated. It can be expected from the 
above equation that the fuel evaporation rate is very sensitive to the surface tempera-
ture. The movement of liquid fuels is at a much smaller scale and difficult to model.

17.3.3  Fire Suppression

Recently, the interest in using water-based fire suppression systems in tunnels has 
increased significantly. For modeling of fire suppression in tunnels, generally a sol-
id fire is required to be modeled. However, as discussed previously, the current CFD 
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technique cannot model the condensed phase pyrolysis well. Similarly, fire sup-
pression in tunnels cannot be modeled well. Nonetheless, the basic theory related 
to water-based fire suppression is illustrated here and can be useful on occasion.

The water droplets are discharged into the tunnel, exchanges momentum and 
heat with the hot gases in the air, and on the fuel surfaces. All these processes need 
to be modeled. At a very short distance after the water is discharged from a nozzle, 
it is transformed into a large number of small droplets with different sizes. The cu-
mulative volume distribution of the water droplets can be expressed as: [28]

 

(17.61)

where d is the water droplet diameter (m), dm is the median volumetric droplet 
diameter corresponding to half the mass (m), γ and σ are the empirical constants 
equal to approximately 2.4 and 0.6, respectively. The median water droplet diameter 
depends on the characteristics of the nozzle, see Sect. 18.6.4.

Note that a water spray consists of millions of droplets with different sizes. In 
CFD modeling, only a limited number of water droplets with different sizes can be 
modeled to represent the characteristics of all the water droplets discharged from 
one nozzle. This simplification can cause some errors especially when only a very 
small amount of droplets are modeled. The water droplets discharged into the tunnel 
exchange mass, momentum, and energy with the hot gases. The controlling equa-
tions for the water droplets are described in Sect. 18.6.1.

For fire suppression modeling, the extinction criteria adopted play the key role. 
The theory of fire suppression has been described in detail in Chap. 16. There are 
two extinction mechanisms: gas phase extinction and condensed phase extinction. 
For gas phase extinction, Eq. (16.12) can be applied. In FDS, the same model is 
used but the effect of water is neglected. Another choice is to use the model pro-
posed by Willians [13] although its use relies on accurate modeling of the finite rate 
gas phase combustion. The interaction between the water droplets and fuel surfaces 
is the key mechanism of fire suppression in tunnels. However, the models available 
for the condensed phase extinction are too empirical. For example, FDS adopts the 
simple model for fire suppression proposed by Yu et al. [19]. The local HRR per 
unit area, ′′q t( ) , is expressed in the form [1]:

 

(17.62)

where the coefficient k(t) is expressed as:
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In the above equation, ′′q t0 ( )  is the HRR per unit area when no water is applied 
(kW/m2),  ′′mw

 is the water density (mm/min), and a is an empirical coefficient that 
is dependent on the material properties of the solid fuel and its geometrical configu-
ration.

17.3.4  Wall Function

The tunnel wall results in the main pressure loss in normal ventilation, which is also 
the key source for the pressure loss in fire ventilation. It is also a key boundary for 
the tunnel flows, which makes the tunnel fires differ from the other enclosure fires. 
Note that the shear stress and heat transfer at the boundary layer could be solved 
reasonably well only using very fine grids. In most cases, sub-models are used for 
modeling of the near-wall region.

A dimensionless wall-normal distance, y+, is defined first:

 
(17.63)

where * /wu τ ρ=  (m/s) is the friction velocity, y is the wall-normal distance (m) 
and τw is wall stress (N/m2). As discussed in Chap. 10, the boundary layer consists of 
three sublayers, that is, the viscous sublayer, the buffer layer and the log layer. The 
buffer layer lies between the viscous layer and log layer, however, it is generally 
incorporated into the other two layers in the wall function. At the viscous sublayer, 
that is, y+ < 11.63, the viscous force dominates and the velocity can be obtained [20]:

 
(17.64)

At the log layer, that is, 11.63 < y+ < 500, the velocity can be expressed as:

 
(17.65)

The shearing stress at the wall can be obtained from estimation of the parameter, 
u/u*. For rough tunnel walls, the roughness can easily disrupt the viscous sublayer, 
and thus its effect needs to be accounted for. In such cases, the coefficient of 9.8 is 
usually reduced and an appropriate value needs to be set for it. More information 
can be found in the references [21, 22].
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17.3.5  Heat Transfer

17.3.5.1  Convective Heat Transfer

According to the Reynolds’ analogy, similar treatment can be made for the heat 
transfer to the wall. Launder and Spalding [23] found that the convective heat flux 
at the wall exposed to air flow at high Reynolds number,  ′′qc

 (kW/m2), can be cor-
related with the local parameters as follows:

 

(17.66)

where Tp is the temperature at near wall point p (K), Tw is the wall temperature (K), 
Pr is the Prandtl number and Prt is the turbulent Prandtl number (0.85 for most non-
metallic fluids [24]). The function P is called “pee-function”, a correction function 
dependent on the ratio of the two Prandtl numbers. In reality, the above equation is 
another form of the Reynold analogy. Similar models can be found in the literature, 
for example, reference [25].

Another method could be to use the convective heat transfer coefficient equa-
tions directly, regardless of near-wall parameters, for example, the model used in 
FDS [1]. This simplified method could result in large error in modeling of a large 
tunnel fire, as pointed out by Li et al. [4].

17.3.5.2  Radiation Heat Transfer

The radiation transport equation (RTE) could be written in the following form:

 

(17.67)

where I is the radiation intensity radiation intensity (kW/(m2⋅steradian)), r is a po-
sitionvector (m), s is a direction vector (m), s’ is the scattering direction vector (m), 
κ is an absorption coefficient (1/m), σs is the scattering coefficient (1/m), Ψ is the 
probability that incident radiation in the direction s will be scattered into the incre-
ment of solid angle dΩ Subscript λ indicates wavelength, b indicates blackbody.

Generally we may ignore the scattering effect and assume the smoke is gray gas. 
The absorption coefficient of the gas needs to be estimated based on the local mass 
fraction of the smoke and combustion products, see Chap. 10. Note that a tunnel 
fire generally produces a large amount of smoke particles which dominates the total 
absorption coefficient rather than CO2 and H2O. Further, note that the soot absorbs 
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heat continuously, independent of the wavelengths. Therefore, generally it could be 
quite reasonable to simplify the description to one band model and the assumption 
of gray gas is quite reasonable in most cases.

At the wall surface, the incident heat flux can be expressed as:

 
(17.68)

and the total outgoing heat flux can be expressed as:

 (17.69)

where θ is the angle between the incident radiation and the normal line of the wall 
(radian), ϕ  is the angle between the projection incident radiation line on the surface 
and a reference line (radian), and εw is the wall emissivity.

Different radiation models may be used, primarily including: the P-1 radiation 
model, the Discrete Ordinates Model, the Finite Volume Method model, the Dis-
crete Transfer Radiative Model, and the Monte Carlo model with the computation 
cost increasing gradually.

The P-1 radiation model uses the first-order spherical harmonic approximation. 
It is accurate for optically thick or dense cases, however, not accurate for optically 
thin cases where the high order differential approximation is required to improve 
the accuracy.

The discrete ordinates model discretizes the entire solid angle using a finite 
number of ordinate directions with weight factors. The discretized equation can 
be obtained by integrating over a control volume, and the edge fluxes of the con-
trol volume can be correlated with the fluxes at the volume center by the spatially 
weighted approximation.

The finite volume method model is quite similar to the discrete ordinates model. 
The discretized equation is obtained by integrating the differential equation over 
the control volume and solid angle. By applying the Gauss’ divergence theorem, the 
intensity derivative term is transformed to a surface integral over all surfaces of the 
volume. The idea of the upwind scheme can be used in solution that the marching 
direction depends on the main propagation direction of the radiation intensity.

The Discrete Transfer Radiative Model is principally based on the concept of 
solving radiation rays in an enclosure. The radiation rays are solved along the paths 
between the walls. The wall surfaces can be divided into many elements. For each 
surface element, the solid angle is preliminarily divided into a finite number of 
angles and the outgoing intensity is assumed to be constant within any given angle. 
The governing equation, having a form similar to Beer’s law, is used to obtain the 
outgoing intensity immediately.

The Monte Carlo model is essentially a statistical method and it attains its name 
from many different statistical approaches. The model simulates a finite number of 
photon histories by use of a random number generator to randomly determine the 
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emission location and direction to produce probabilistic distributions for the travel-
ing distance.

In summary, the P-1 model is the basic model that can produce accurate re-
sults for optically dense cases, however, for both dense and thin cases the other 
models may need to be used. The discrete ordinates method and the finite volume 
method are quite similar to each other and with the same order of accuracy. The 
discrete transfer radiative and the Monte Carlo methods are more time consum-
ing but could have higher accuracy. For applications in tunnel fire safety, the 
discrete ordinates and the finite volume method are recommended to reduce the 
computation cost.

17.3.5.3  Heat Conduction

The general three-dimensional heat conduction equation for an anisotropic medium 
without an internal energy source can be expressed as:

 

(17.70)

where k is the thermal conductivity (kW/(m K)) and Ts is the temperature inside a 
solid (K). Subscript s indicates solid, i and j correspond to different axis, for ex-
ample, x axis (1), y axis (2) or z axis (3). Note that for an anisotropic medium, such 
as wood, the conductivity varies with the direction.

Generally the medium is isotropic, such as the tunnel walls. Therefore, the above 
equation can be simplified into:

 

(17.71)

with boundary condition at the wall, for example, x = 0:

 

(17.72)

The net heat flux at the wall accounts for both radiation and convective heat trans-
fer. In most cases, the equation can be simplified into a one-dimensional problem 
with sufficient accuracy. For example, the tunnel wall can be assumed to be an 
infinite plate. This governing equation is an energy diffusion equation which can 
be easily solved.
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17.4  Recommendations for CFD Users

17.4.1  Computation Domain and Boundary Conditions

A tunnel is usually a very long space. Tunnel height and width are very small in rela-
tion to the tunnel length. Simulation of the whole tunnel may be impossible but is 
also not necessary in practice. While doing CFD simulations, an appropriate compu-
tation domain needs to be determined together with appropriate boundary conditions.

The computational domain should consist of the fire section and a certain length 
of tunnel section where the boundary conditions can be appropriately set without 
inducing large errors.

For a tunnel where longitudinal ventilation is used to prevent backlayering, a lim-
ited length including the fire section is enough. A velocity or volume flow rate or 
mass flow rate boundary can be used at the upstream tunnel inlet, and pressure or 
mass flow boundary can be used for the downstream tunnel outlet. It is best if the 
upstream section is long enough to simulate the whole backlayering. In this scenario, 
the reason why the downstream outlet can be considered as a pressure boundary is 
that at a certain distance downstream of the fire, the vertical pressure gradient is small 
and close to a fixed pressure plane, that is, the smoke is not well stratified. By setting 
the outlet as a pressure boundary, small errors will be induced for the field close to 
the exit. Therefore, the simulation results in this region are not credible, which should 
be considered in determination of computation domain. From this point of view, the 
mass flow rate is a better boundary condition for the outlet of the domain, although, 
convergence problems could emerge due to the accumulation of computation errors.

For a metro station or a rescue station in a long tunnel, the ventilation system 
may have many vents and thus many boundary conditions need to be determined. 
Further, the cross section is much larger than a single tunnel which suggests that a 
shorter length has to be used while choosing the computation domain. In this sce-
nario, the boundary conditions of the computation domain have to be considered 
appropriately. Note that the ventilation system works as a system, and it is generally 
unreasonable to set the boundaries as ambient. The general solution is to obtain the 
time dependent boundary conditions by simulating the fire ventilation system using 
a one-dimensional simulation. For a vent where only fresh air goes in or out, veloc-
ity, volume or mass flow rate can be used. For each vent where hot gases may flow 
into, a volume flow rate boundary should normally be used rather than mass flow 
rate, for example, a fan vent could be simulated using a volume flow rate boundary 
or a fan curve. Another solution could be to use pressure boundaries if appropriate 
pressure values can be estimated based on a one dimensional simulation.

17.4.2  Fire Source

Modeling of fire development in vehicles is a difficult task which should be avoided 
in any case where it is not necessary. Generally for an engineering application, a 
typical or worst scenario is firstly determined and then the design fire is proposed 
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for the specific scenario. The design fire proposed is used as input to the CFD mod-
eling of tunnel fires. There are different methods developed for modeling fires, for 
example, combustion models and volumetric heat source method. The volumetric 
heat source method only simulates the heat output and ignores the combustion pro-
cess and combustion products. Therefore, radiation and convection heat transfer 
which is of greatest importance in large tunnel fires cannot be reasonably modeled. 
In the following, only the combustion models are of interest and discussed.

The chemical formula for the fuel generally needs to be determined. A fire could 
involve different types of fuels. In these cases, the combined chemical formula for 
the fuels can be obtained by accounting for the fraction of each fuel type. In the gas 
phase combustion, one step reaction is mostly assumed although the combustion 
occurs through a large number of reactions.

Some key parameters for the fuel also need to be known, that is, heat of combus-
tion, soot yield, carbon monoxide yield. Heat of combustion, that is, the amount of 
heat produced per kg of the fuel, affects the production of combustion products. The 
soot yield, that is, the amount of soot produced per kg of the fuel, is required for 
modeling of radiation and visibility. Similar to the soot yield, the CO yield repre-
sents the amount of CO produced per kg of the fuel and is required for estimation of 
tenability. For CFD modeling related to toxicity, the toxic gas production also needs 
to be accounted for in the fire source in a similar way. The heat of combustion and 
the yields of soot, CO, and toxic gases can be obtained from small-scale laboratory 
tests of similar combustion conditions. Note that the yields of soot and combustion 
products depend on the combustion conditions, and they could be much higher in 
underventilated enclosures at the stage of fully developed fires. More information 
on combustion products in under-ventilated fires can be found in Chap. 7. Gener-
ally the fire in a tunnel is well ventilated and data obtained from lab tests could be 
directly used as input.

17.4.3  Grid Size

Grid cell size is a key issue related to both computation time cost and accuracy. For 
fire modeling, the fire region attracts our special attention. Note that the flame prop-
erties are directly related to the fire characteristic diameter, which can be expressed 
as follows [26]:

 
(17.73)

where Q  is HRR (kW) and D* is the fire characteristic diameter (m). Note that the 
characteristic diameter D* is directly related to the HRR. Li et al.’s work concluded 
that a cell size of 0.075D* is a reasonable value for simulation of tunnel fires [27].
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Note that a smaller fire corresponds to a smaller cell size based on the above 
analysis. In a model-scale fire, the grid size is much smaller than that in full scale. 
For a tunnel with a height of H, Eq. (1) can be transformed into:

 

(17.74)

where H is the tunnel height, regarded as the characteristic length here.
This means that at the same dimensionless HRR ( Q*), the fire characteristic di-

ameter is directly related to the tunnel height, that is, the reasonable mesh size is 
proportional to the tunnel height. This means that the ratio of reasonable mesh sizes 
between model- and full-scale equals the scale ratio. In other words, the mesh num-
bers required for model- and full-scale is about the same. Note that this conclusion 
is deduced based on a similar flow mode and the same dimensionless HRR.

Another requirement for cell size results from wall stress and related heat transfer. 
For laminar flows, the first grid cell near wall needs to fall into the viscous layer, 
that is, y+ is less than 1 or slightly higher but not higher than 11.63. For turbulent 
flows, the first grid cell requires to fall into the log layer, that is, 11.63 < y+ < 500. This 
generally affects not only the flow field but also the temperature field near the wall.

17.4.4  Verification of Modeling

Due to the complexity of CFD modeling itself and the variety of application fields, 
verification of modeling is a necessity, especially for modeling with any new ap-
plication. Either data from full-scale tests or model-scale tests related to the same 
phenomenon can be used for verification, based on which the general uncertainty of 
CFD modeling can be obtained for the specific scenario.

17.5  Limitations of CFD Modeling

The current state-of-the-art of CFD modeling technique has many limitations.
The key limitation for fire modeling is the inability to fully model pyrolysis. 

Firstly, the fuels normally have complicated geometry and the thickness could be 
incompatible with the grid size, which suggests that the fuel and the fluid field are 
at different scales. Secondly, the pyrolysis is such a complicated phenomenon that 
the present models seldom succeed in pyrolysis modeling even for a simple sample 
test. The state-of-the-art pyrolysis models lack credibility and should only be used 
for research purpose at present.

Modeling of combustion requires very fine meshes in order to simulate a large 
number of flamelets. However, to reduce the computation cost, quite coarse grids 
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and infinite rate mixture fraction combustion model are normally used. Further, 
the flammability limit is not well established for the coarse girds. The approximate 
combustion model cannot model the combustion products.

The limitation of pyrolysis modeling directly results in the limitation for model-
ing of fire suppression, given that surface cooling is the key mechanism of suppres-
sion of tunnel fires in most cases. Another reason for the limitation in modeling of 
fire suppression is also that the extinction criteria or the flammability limit under 
fire suppression are not well established.

Radiation is one key mechanism of heat transfer especially in the vicinity of a 
large tunnel fire. However, the accuracy of modeling of flame radiation strongly 
depends on the accuracy of modeling of flames. Modeling of radiation from smoke 
depends on the yields of soot and other combustion products which are obtained 
either from lab tests or estimation of the typical fuel.

Convection heat transfer is in reality the heat conduction between a surface and 
its neighboring gas. The direct solution of convection heat transfer is only possible 
using DNS with very fine grids. For RANS and LES, the process of convection heat 
transfer has to be modeled by semi-empirical equations which could result in large 
errors in some cases. Especially for modeling of tunnel fires, the walls could be very 
rough and its effect on heat transfer may be overlooked, for example, in FDS [1].

CFD modeling strongly depends on the performance of computer hardware 
which is clearly a bottleneck. Recently, parallel processing is widely used in CFD 
modeling as a novel technology to reduce the computation time. However, this re-
duces the accuracy of CFD modeling, and could easily cause stability problems. 
Therefore, caution should be exercised in its application.

These limitations need to be kept in mind, together with the uncertainty obtained 
from verification of modeling in the specific application field.

17.6  Summary

CFD modeling is a powerful tool to be used in engineering applications. The CFD 
users are required to not only efficiently use CFD tools, but also to understand the 
embedded mechanisms and limitations of the CFD modeling used. At present, CFD 
modeling is mainly used to simulate smoke movement arising from a design fire in 
order to investigate the performance of a ventilation system on smoke control in a 
tunnel fire, and to simulate the fire environment to obtain the available evacuation 
time. It should be kept in mind that modeling of pyrolysis of fuels and fire suppres-
sion is still a difficult challenge at present.

Although, there have been many general CFD tools available, CFD tools spe-
cifically developed for use in fire modeling are recommended to be used in tunnel 
fire safety design. Due to the complexity of CFD modeling itself and the variety 
of application fields, validation of modeling is always required. The computation 
domain needs to be chosen appropriately together with the boundary conditions and 
the cell sizes.
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Chapter 18
Scaling Technique
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Abstract Physical scaling has been successfully applied throughout the develop-
ment of fire safety science in the past several decades. It is a very powerful and 
cost-effective tool to obtain valuable information concerning, for example, fire 
characteristics, smoke movement, smoke control, fire development, and fire sup-
pression. Typical scaling techniques that have been developed are summarized in 
this chapter to provide a theoretical benchmark and support for further development 
of more advanced scaling methods. Different scaling techniques are introduced 
although the focus is on the Froude scaling method which is the most common one 
used in fire safety science. Scaling of convective heat transfer, radiative heat trans-
fer, and heat conduction is investigated as well as scaling of water sprays, response 
time of sprinklers, and combustible materials.

Keywords Scaling · Heat transfer · Water spray · Combustible material · Enclosure 
fire · Tunnel fire

18.1  Introduction

The physical scaling has been widely used in fire safety science community. Its 
application permeates nearly every aspect of fire research, from free plumes to fire 
suppression. Despite its introduction of simplification in various applications, the 
scaling technique has significantly improved our understanding of fire dynamics. 
Heskestad [1] reviewed scaling techniques, mainly pressure modeling and Froude 
modeling. These are the two main techniques that have been used. Quintiere [2] also 
reviewed the scaling applications in fire research with a focus on ceiling jets, burn-
ing rate, flame spread, and enclosure fires. Ingason [3] carried out numerous studies 
on fire development in rack-storage fires, both in large scale and model scale. The 
in-rack conditions were found to scale very well. Perricone et al. [4] investigated the 
thermal response of a steel tube covered by insulating materials using scaling prin-
ciples. However, the scaling laws used for the thick insulating materials may not be 
accurate. Cross and Xin [5] examined the scaling of wood crib fires and found good 
agreement between different scales. Li and Hertzberg [6] conducted a scaling study 
of heat conduction and heat balance in a room fire. They carried out two series of 
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room fire tests in three different scales where the aim was to investigate the scaling 
of temperatures inside the walls. A good agreement between different scales was 
found.

Scaling of water-based fire suppression systems has also been conducted in open 
and enclosure fires. Heskestad [7, 8] carried out a series of gas and pool fire sup-
pression tests to investigate the credibility of scaling the interaction of water sprays 
and flames, and obtained a simple correlation for extinguishment of gas and pool 
fires using water sprays. Quintiere et al.’s work [9] showed that the scaling of pool 
and gas fires worked well, although the results in rack-storage fires between model 
and full scale did not show a good correlation. Yu et al. [10–12] tested and investi-
gated the scaling of suppression of gas fires and pool fires using water mist systems 
and obtained good agreement between model scale and full scale. In short, despite 
much work on scaling of water-based fire suppression systems, the phenomena in 
reality are not well understood.

In the field of tunnel fire safety, scaling techniques are widely used. The main 
reason promoting their applications is the high cost of full-scale tunnel tests. Note 
that even in model scales, the ratio of tunnel length to tunnel height should be great 
enough to scale a realistic tunnel fire. Fortunately the introduction of longitudinal 
flows allows us to slightly reduce the scaling ratio, compared to an enclosure fire. A 
large number of model scale tunnel fire tests have been carried out in the past two 
decades. Bettis et al. [13] carried out nine fire tests using scale models of vehicles 
in a model tunnel to mimic part of a train used to transport HGVs through the 
Channel tunnel. Oka and Atkinson [14] carried out a study of critical velocity in a 
model tunnel. Further, Wu and Bakar [15] carried out tests to investigate the influ-
ence of tunnel geometry on the critical velocity. Ingason and Li investigated the key 
parameters for large fires in model scale tunnels with longitudinal ventilation [16] 
and with point extraction ventilation [17]. Ingason [18] also carried out a series of 
1:10 scale model railcar tunnel fire tests to investigate the effect of openings on 
the fire sizes. Vauquelin et al. [19] carried out a series of model scale experiments 
with a helium/nitrogen gas mixture in an isothermal test-rig to investigate the ex-
traction capability and efficiency of a two-point extraction system. Li and Ingason 
[17] pointed out that the cold gas method used by Vauquelin et al. [19] results in 
experimental inaccuracy, and therefore is not recommended to use in tunnel fire 
tests. Li et al. [20–24] carried out several series of model scale tunnel fire tests to 
investigate the critical velocity [20], back-layering length [20], maximum ceiling 
gas temperature [21, 22], smoke control in cross-passages [23], and smoke control 
in rescue stations in long-railway tunnels [24]. Lönnermark et al. [25] carried out a 
1:3 model-scale metro car fire tests in preparation for the full-scale fire tests in the 
Brunsberg tunnel [26].

Model-scale tunnel fire tests with water-based fire suppression have also been 
carried out. Ingason [27] tested the water spray system in tunnel fires using hollow 
cone nozzles and wood crib fires. Deluge system and water curtain system were 
tested. Li and Ingason [28, 29] investigated the automatic water spray system in tun-
nel fires using full cone nozzles and wood crib fires. Response times for individual 
sprinklers were modeled using a scaling theory.
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18.2  Methods of Obtaining Scaling Correlations

There are two main approaches for obtaining scaling correlations: the controlling 
equation method, and the dimensional analysis. The controlling equation method 
introduces normalizing parameters and obtains nondimensional equations. The di-
mensionless groups are typically the coefficients of the differential terms. For the 
dimensional analysis method, all the key parameters relevant to the phenomenon 
need to be determined manually, and then the dimension of every identified pa-
rameter is changed to a combination of the basic physical dimensions. The dimen-
sionless groups can thus be obtained by checking the dimensions of the identified 
physical parameters. The method could, for example, be a π theorem. There are 
some other methods that could be used. For example, some dimensionless groups 
could be directly obtained from some basic equations; but, this method is still the 
differential method.

In any case, the controlling equation method is the fundamental and typically 
best method, which will be used in the following. Nonetheless, good understand-
ing of the phenomena is required to determine the key parameters that must be 
preserved.

18.3  Classification of Scaling Techniques

The scaling techniques applied in fire safety can be classified into three types: 
Froude scaling, pressure scaling, and analogy scaling.

18.3.1  Froude Scaling

Froude scaling indicates that the main preserved dimensionless group in the fire 
tests is the Froude number which characterizes the ratio of inertial force and buoy-
ancy force. Note that all the smoke flows are driven by the buoyancy. This is the 
main reason why Froude scaling works by simply preserving the Froude number.

According to Froude scaling, the tests can be carried out in ambient environment. 
The Reynolds number is not preserved but the fluid mode should be kept the same to 
preserve the similarity in the fluid field. Further, many related dimensionless groups 
that are implicitly preserved, however, have been proved to be reasonably scaled.

18.3.2  Pressure Scaling

Pressure scaling can preserve both the Froude number and the Reynold number by 
adjusting the environmental pressure in the test bed. This also indicates the pres-
ervation of the Grashof number. Therefore, both the buoyancy force and the fluid 
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field can be scaled well. However, in reality the pressure scaling is very difficult 
to use since the pressure scales as 3/2 power of the length scale. This implies that 
the pressure needs to be adjusted to very high levels in model scale, for example, 
32 atmospheres for a scaling ratio of 1:10, and 89 for a scaling ratio of 1:20. This 
limits its use in fire modeling. Further, the benefit of pressure scaling may be quite 
limited since in most cases the Reynold number is much less important compared 
to the Froude number.

18.3.3  Analog Scaling (Cold Gas, Saltwater)

The analog scaling method uses two fluids of different densities to model smoke 
movement in a fire scenario. These two fluids could be air and helium, or water 
and saturated salt water, and so on. This method simulates a fire using the density 
difference, rather than the temperature difference. To some extent, it is possible to 
obtain the required density using different mixing ratios. The analog scaling is in 
fact also a type of Froude scaling, although it is significantly different from tradi-
tional Froude scaling and is, therefore, classified as an independent method. The 
Froude number is also the main preserved dimensionless group. Further, turbulent 
flow conditions can be obtained much more easily due to the small viscosity for 
water.

However, this method has some defects. First, when using analog scaling, the 
fluid density must be determined based on a reference gas temperature in a specific 
fire, despite the fact that it is known that the gas temperature changes significantly 
with position in many fire scenarios. In other words, a realistic fire has no so-called 
generic or characteristic gas temperature or gas density. Despite this, the state-of-
the-art is to use the estimated characteristic temperature in a given scenario and 
then to calculate the mass flow rate from the fire source based on conservation 
of the convective heat release rate (HRR). This method is only useful in a typical 
enclosure fire where the gas temperature can be estimated accurately. Second, the 
heat loss to the surroundings is ignored except in the vicinity of the fire source, that 
is, the heat loss is considered by using the convective HRR to build up the energy 
equation. Generally speaking, the energy dissipates only by mixing with the ambi-
ent fluid. However, it should be kept in mind that in a tunnel fire, the heat loss to the 
walls dominates the heat transfer process or the change of gas temperature along the 
tunnel. This suggests that the analog scaling method is not suitable for research into 
the temperature distribution along the tunnel. Third, the analog scaling method gen-
erally can only simulate small fires. The saturated salt water is around 1200 kg/m3 
under ambient conditions. Therefore, the maximum variance in density is around 
20 %. However, a gas temperature of 600 °C corresponds to a variance of 67 % in 
density. That is to say, saltwater under ambient conditions can only simulate a fire 
with gas temperature of around 94 °C. Finally, extra gases or liquids with a certain 
momentum may be introduced into the fluid domain which could result in a large 
error.
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18.4  General Froude Scaling

In this application, the controlling equation method is used to obtain the dimen-
sionless groups. At first, we focus on scaling of the fluid field, and detailed scaling 
of heat transfer will be discussed in the following sections. For simplification, we 
only analyze the one-dimensional conservation equations of mass, momentum, and 
energy which can be written as follows:

Mass:

 (18.1)

or in terms of individuals species (mass fraction Y):

 
(18.2)

Momentum:

 
(18.3)

Energy:

 

(18.4)

State equation of gas:

 (18.5)

where ρ is the density (kg/m3), t is the time (s), x is the axis (m), u are the velocity 
at x direction (m/s), D is the mass diffusivity (m2/s), m is the mass (kg), Y is the spe-
cies mass fraction (%), µ is the dynamic viscosity (kg/(m s)), p is the pressure (Pa), 
g is the gravitational acceleration (m/s2), T is the gas temperature in Kelvin (K), k is 
the heat conductivity (kW/mK), cp is the heat of capacity (specific heat at constant 
pressure, kJ/(kg K)), R  is the universal gas constant (8.314 J/(mol K)), M is the 
molecular weight (kJ/kmol), and Q is the heat (kJ). Subscripts i is the ith species 
and loss indicates heat loss. Superscripts (·) indicates per unit time and ( ''' ) per unit 
volume. Note that the pressure in the equations is the absolute pressure.

The characteristic length l (m), velocity uo (m/s), time to (s), pressure pr (Pa), am-
bient temperature To (K), and ambient density ρo (kg/m3) are introduced as reference 
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Mass:

 (18.6)

or in terms of individuals species (mass fraction Yi):

 
(18.7)

Momentum:

 
(18.8)

Energy:

 
(18.9)

In the above equations, the dimensionless variables, that is, the parameter divided 
by the corresponding reference value, are denoted by (^), for example, oˆ / .ρ ρ ρ=  
Note that the convection terms are the primary terms that need to be preserved. 
Therefore, these are used as the basis while obtaining the dimensionless groups. 
Further, note that the pressure rise in a normal fire scenario is very small compared 
to the ambient pressure, and thus the state equation is always applicable and it needs 
no special attention.

The dimensionless groups obtained are listed below.
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Note that:

 (18.13)

where Re is the Reynolds number, Fr is the Froude number, Sc is the Schmidt num-
ber, and Pr is the Prandtl number. Now we check which terms could be preserved in 
the scaling. First we know for buoyancy driven flows, the Froude number, that is, 
π7, has to be preserved. To preserve the transient characteristics of the key param-
eters, the time derivative term has to be preserved, that is, π1. Therefore, we have:

 (18.14)

This indicates that the velocity and time scales as 1/2 power of the length scale. In 
other words, if the geometrical scale ratio is LM/LF (model scale M and full scale F), 
the velocity and the time scale as uM/uF = tM/tF = ( LM/LF)1/2.

Further, the source terms, including mass source ( π2 and π4) and heat source 
terms ( π9 and π10), need to be preserved, especially the heat source terms. To pre-
serve mass source terms, we have:

 (18.15)

To preserve heat source terms, we have:

 (18.16)

By preserving the above terms, it can be concluded that the temperature should 
approximately be the same between different scales. Further, note that if different 
fuels are used, the mass and energy cannot be simultaneously scaled. The heat terms 
should always have higher priority in such cases.

Further we check each term in the three controlling equations. From the mass 
equation it can be known that the mass should be scaled very well. Even when the 
fuel mass is not scaled well, good agreement can still be found in different scales 
since the fuel mass is normally negligible in the smoke flow. For the species equa-
tion, the concentrations should be scaled well if the mass source is scaled correctly.

Note that by default the dynamic pressure is proportional to the second power of 
the velocity. In addition, from the momentum equation, it can be seen that the buoy-
ancy forces have been scaled. Given that the viscous term is negligible compared to 
the buoyancy in most cases, the pressure term should be scaled as:

 (18.17)

This indicates that the pressure rise is proportional to the length scale.
From the energy equation, it can be known that the heat source is scaled but not 

the diffusion terms and the pressure terms. However, this is much less important. 
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Further, note that the heat loss term could not be scaled very well, but the influence 
should be limited, especially close to the fire source since the majority of the heat is 
carried away by the convective flows. Therefore, the energy should be scaled well.

In short, all the key terms are scaled, including the time derivative terms. There-
fore, the basic theory of Froude scaling works well.

By checking the theory for turbulent flows, we can have an interesting finding. 
Note that the viscous stress cannot be preserved for laminar flows as discussed 
above. However, for turbulence flows, we can easily find that all turbulent diffusion 
terms can be scaled well in both Reynolds-averaged Navier–Stokes (RANS) models 
and Large Eddy simulations (LES) models. This suggests that Froude scaling works 
better in turbulent flows. Therefore, in carrying out model scale tests we should try 
to have turbulent flows in mode scales.

Note that in enclosure fires or tunnel fires, heat transfer to the surrounding struc-
tures needs to be carefully considered which will be discussed in the following 
section.

18.5  Scaling of Heat Fluxes

Scaling of heat conduction, convective heat transfer, and radiative heat transfer are 
presented in the following. Finally, the scaling of heat balance in an enclosure is 
presented.

18.5.1  Scaling of Convective Heat Transfer

In an enclosure fire or a tunnel fire, the key pattern of the convective heat transfer 
is the forced heat transfer due to the movement of the hot gases in the upper layer 
and also the forced heat transfer in the lower layer due to the movement of fresh air 
through the openings. The main mechanism should, therefore, be forced convective 
heat transfer. The convective heat transfer to the walls, Qloss c, , can be expressed as:

 (18.18)

where hc is the convective heat transfer coefficient (kW/(m2 K)), Aw is the contact 
wall surface area (m2), Tg is the gas temperature (K), and Tw is the wall temperature 
(K). This suggests that the convective heat flux should scale as 1/2 power of the 
length scale. In the following, we examine the actual scaling correlations for differ-
ent flow modes on smooth and rough surfaces to check whether they follow this law.

For turbulent flows on smooth wall surfaces, the convective heat transfer coef-
ficient hc could be correlated with the Nusselt Number and the Prandtl number:

 (18.19)

Q h A T Tloss c c w g w, ( )= −

Nu . Re Pr/ /= =
h l

k
c 0 037 4 5 1 3



48118.5  Scaling of Heat Fluxes 

The above equations indicate that:

 (18.20)

For laminar flows on smooth surfaces, the convective heat transfer coefficient hc 
can also be correlated with the Nusselt Number and the Prandtl number, which can 
be expressed as:

 
(18.21)

This means that:

 (18.22)

For a heated wall at the lower layer in an enclosure fire, the convective heat transfer 
could be natural convection, and the Nusselt number could be expressed as:

 
(18.23)

where the Rayleigh number, RaL, is defined as:

 
(18.24)

In the above equation, v is the kinematic viscosity (m2/s), β is the expansion coef-
ficient (equivalent to 1/T for ideal gas in an isobaric process). From the above equa-
tion we also obtain the scaling coefficient of − 1/4.

Note that some tunnel walls could be very rough, for example, rock tunnel walls. 
The expressions for the Nusselt number needs to be revised to account for the effect 
of wall roughness. Recall the Reynold-Colburn analogy:

 
(18.25)

For turbulent flows on rough surfaces, the skin friction coefficient, Cf , mainly de-
pends on the relative roughness, and approaches a constant at high Reynolds num-
bers for each relative roughness, ε/D. Therefore, if the relative roughness is kept as 
the same value in both scales and the flow mode is turbulent, the convective heat 
flux scales as:

 (18.26)
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This suggests that the convective heat flux can scale very well if the flow is turbu-
lent and the relative roughness is kept as the same value in model scale. In reality, 
the requirement for the conservation of the relative roughness could be eased due to 
the fact that the friction coefficient is not so sensitive to the wall roughness. Gener-
ally for turbulent flows, the relative roughness for tunnel walls range from 0.1 to 
1 %, corresponding to a skin friction coefficient, Cf , ranging from 0.08 to 0.16.

Based on the above analysis, it is known that the convective heat transfer can 
be scaled very well for turbulent flows in model tunnels with the same relative 
roughness. The convective heat transfer for laminar flows in model scales could be 
slightly overestimated.

18.5.2  Scaling of Radiative Heat Transfer

The scaling of radiative heat transfer on the wall surface,  ′′qw r,  (kW/m2), can be 
expressed as:

 (18.27)

where εw is emissivity of the wall surface, I is intensity of incident radiation 
(kW/(m2 steradium)), Ω is solid angle, and σ is the Stefan-Boltzmann constant 
(5.67 × 10−11 kW/(m2 K4)).

Using the controlling equation method to normalize the above controlling equa-
tion, we can easily obtain the following scaling correlations:

 
(18.28)

Note that the dimensionless group π14 indicates the definition of radiation intensity. 
The other dimensionless group suggests the scaling of wall emissivity:

 (18.29)

Generally the emissivity of the walls is not scaled. This suggests that the radiation 
at the wall is normally overestimated in model scales, which tends to reduce the 
vertical temperature difference.

Now let us analyze the scaling of radiative heat transfer in a fluid element. The 
radiation transport equation (RTE) is:

 
(18.30)

where κ is the absorption coefficient (1/m).
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For a fluid element, the term in the energy equation related to heat loss by radia-
tion can be written as:

 (18.31)

where Ω is the solid angle (steradian). Using the controlling equation method we 
can easily obtain the following scaling correlations:

 
(18.32)

These two dimensionless groups indicate:

 (18.33)

In an enclosure fire or a tunnel fire, the soot normally dominates the absorption co-
efficient, and thus the absorption coefficient in different scales should be essentially 
the same, if the same fuels are used. Therefore the local absorption coefficient can-
not be scaled well, and both the local absorbed heat and the outgoing radiation may 
be underestimated. Thus the overall effect is difficult to estimate.

However, note that this conclusion is drawn from the analysis of a fluid element. 
In fact, in enclosure fires, scaling of the global radiative heat transfer is more mean-
ingful and of more practical use. From the global point of view, the radiative heat 
transfer from the flame and hot gases to the walls can be expressed in a similar way 
as the convective heat transfer, that is, as:

 (18.34)

For simplicity, the radiative heat transfer coefficient for the wall surfaces could be 
written as follows:

 (18.35)

where the emissivity is:

In the above equations, hr is the equivalent radiative heat transfer coefficient 
(kW/(m2 K)), κm and Lm are the mean absorption coefficient (1/m) and mean beam 
length of the flame and smoke flow (m), respectively.

It is clear that the emissivity of the gas in model scale normally becomes smaller 
than in full scale, however, the emissivity strongly depends on the length scale and 
thus in reality is very difficult to estimate. Here we make a simple analysis of the 
optically thick and optically thin cases. In the optically thick case, the emissivity is 
close to unit. Therefore scaling of the global radiative heat flux is:
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 (18.36)

In the optically thin case, scaling of radiative heat flux could be:

 (18.37)

Note that the radiative heat flux is the inverse of the radiative resistance Rr. At the 
beginning of an enclosure fire, the scenario is optically thin. However, after a period 
of time, the scenario could become optically thick. Therefore, the radiative heat flux 
could be scaled as la (0 < a < 1). Note that the heat flux should scale as l1/2. It could 
be expected that in the model scale, the radiative heat flux may be underestimated at 
the beginning of the fire and overestimated a short time after ignition. We can also 
try to ascertain the coefficient a in the optically thick case.

The absorption coefficient is mainly dependent on the soot yields and volumet-
ric flow rate of the smoke. In other words, it depends on the fuel type, ventilation 
conditions, and specific geometry of the room and the burner. In model scales, if the 
fuels are the same as in full scale, it can be expected that the absorption coefficient 
is also the same as in full scale, given that the ventilation conditions and specific 
geometry are well scaled. Therefore, the scaling of radiative heat flux is mainly re-
lated to the mean beam length. In engineering applications, the global radiative heat 
flux could be calculated using a mean beam length, Lm, which could be estimated by:

 
(18.38)

where Vb is the volume of the hot gases (m3) and Ab is its bounding area (m2). 
The mean beam length in an enclosure fire is mainly related to the smoke depth. 
Therefore, it is a variable for different fire sizes. For large flames and sooty smoke, 
the emissivity always approaches one and the mean beam length has no influence 
on the radiation. However, for small fires, both the absorption coefficient and the 
smoke depth are small values, and thus the mean beam length could play an impor-
tant role in the total emissivity.

We may choose different fuels in model scales to explicitly scale the radiative 
heat flux in enclosure fires. However, it should be kept in mind that the absorption 
coefficient is not only related to the fuel type and HRR, but also the length scale, 
the entrainment of the smoke flows, and the combustion conditions, for example, 
an under-ventilated fire produces much more soot. In realistic fires, the absorption 
coefficient could be a time-dependent variable during a fire. In any case, the scal-
ing of radiation is difficult based on the above analysis. In reality, the fire scales the 
radiation itself as there is limited heat available to be lost by radiation. Therefore 
in a real fire, the temperature will decrease if the emissivity is too high in model 
scales. The radiation fraction in the total HRR in open fires and enclosure fires has 
been observed to be around 20–40 %. This mainly results from the self-adjustment 
of the heat radiation. Although the gas temperature could decrease in model scales, 
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the difference in gas temperature between different scales could still be insignifi-
cant since heat radiation is proportional to the fourth power of gas temperature. In 
short, the scaling of radiative heat transfer is still expected to be acceptable in model 
scales, as proved by Li and Hertzberg [6].

18.5.3  Scaling of Heat Conduction

18.5.3.1  Thermally Thick Materials

In most cases, heat conduction normal to a wall surface dominates heat conduction 
into the wall. Therefore, only the one-dimensional heat conduction equation for the 
material temperature is discussed here.

The wall materials can be classified into two categories: thermally thick materi-
als and thermally thin materials. For a thermally thick material, there is always a 
temperature gradient inside the material, even after thermal penetration. This state 
is important when considering temperatures created by fires. For a thermally thin 
material, the temperatures inside the material are homogeneous. In fact, thermally 
thin materials are only special case of thermally thick materials. There is no clear 
distinction between these two types of “materials,” but the definition will depend 
on the specific case that is investigated. Generally, metal objects and very thin ma-
terials and can be considered as thermally thin materials, and others are thermally 
thick materials.

For thermally thick materials, the controlling equation for heat conduction can 
be written as:

 (18.39)

and the boundary condition at z = 0 and z = δs, can be expressed as:

 
(18.40)

In the above equations, z is the depth below surface (m). Subscript s indicates solid, 
c and r are convective and radiative heat transfer, respectively.

In the following analysis, it is assumed that the convective and radiative heat 
fluxes at the surface scale as 1/2 power of the length scale.

By introducing the following normalizing parameters: reference time, to
, refer-

ence temperature, To
, and reference material thickness, δs, the above equations can 

be normalized:

 (18.41)
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and

 (18.42)

yielding the dimensionless groups:

 
(18.43)

and

 (18.44)

Note that as  ′′∝q lc
1 2/  and  ′′∝q lr

1 2/ , the above two equations indicate that:

 
(18.45)

and

 (18.46)

Introducing (18.44) into (18.43) suggests:

 (18.47)

and

 (18.48)

The wall materials and the noncombustible surface materials should be chosen ac-
cording to the above two equations. Note that based on the scaling, the wall temper-
ature at depth δ in the full scale generally corresponds to that at a different position 
in the model scale.

In the following, we simply check the scaling of heat conduction. At the begin-
ning of an enclosure fire, that is, when the heat has not yet penetrated the walls, the 
conductive heat flux through wall surfaces can be written as:

 (18.49)
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This indicates that

 (18.50)

Note that as 3/2
s s sk c lρ ∝ , the above equation indicates:

 (18.51)

After a period when the thermal penetration occurs, the conductive heat flux through 
wall surfaces can be expressed as:

 
(18.52)

Note that as 3/2/s sk lδ ∝ , the above equation also indicates the scaling law for the 
conduction heat flux.

Therefore, it is clear that the heat conduction in thermally thick materials can be 
scaled well if the proposed two dimensionless groups are preserved in model scale 
and the wall surface temperature scales well.

18.5.3.2  Thermally Thin Materials

For thermally thin materials, for example, thin wall materials or metal objects, the 
properties inside the materials can be assumed to be homogeneous, and the control-
ling equation can be simply expressed as:

 
(18.53)

where V indicates volume (m3) and As is surface area (m2). The characteristic pa-
rameters are introduced to normalize the above equation to yield:

 
(18.54)

In this case we also assume that the convective and radiative heat fluxes are scaled 
well, that is,  ′′ ∝q lnet

1 2/ . Thus the above equation indicates the following relation-
ship:

 (18.55)

This suggests that in order to scale the heat conduction in thermally thin materials, 
the same materials can be used, if the materials are geometrically scaled. In real-
ity, scaling of the thermally thick materials also fulfills Eq. (18.55), assuming the 
temperatures inside the material are homogeneous or the conductivity is infinite. 
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Thus, as discussed previously, a thermally thin material is only a special case of a 
thermally thick material.

In summary, to scale the heat conduction inside thermally thick materials, 
Eqs. (18.45) and (18.46) need to be preserved while choosing the materials and the 
wall thicknesses. For thermally thin materials, the same materials can be used if the 
materials are geometrically scaled.

18.5.4  Scaling of Heat Balance in an Enclosure

Note that tunnels can be regarded as a special type of enclosures. The total heat 
released in an enclosure can be balanced by the heat loss by smoke flow exiting 
through openings, that is, doors and windows, Qc

 (kW), and the heat loss by con-
duction into the walls, Qk

(kW), and the radiation through the openings, Qr
(kW), 

which can be expressed as follows:

 (18.56)

18.5.4.1  Heat Loss by Convection Through Vents

The heat loss by convection through vents can be expressed as:

 (18.57)

where mg is the smoke mass flow rate (kg/s) and Tg is the gas temperature (K).
In an enclosure fire, the mass flow rate of smoke flow through an opening nor-

mally can be written as:

 (18.58)

where Cd is the flow coefficient (0.7 in most cases) and ΔP is the thermal pressure (Pa).
Assuming that the smoke layer can scale well and noting that the pressure differ-

ence scales as the length scale, the smoke mass flow rate through an opening should 
approximately scale as:

 (18.59)

For a flashover fire, which is probably ventilation controlled, the mass flow rate of 
the fresh air flowing into the enclosure should equal the smoke mass flow rate out 
of the opening, both of which can be approximately expressed as:

 (18.60)

where H is height of the opening (m), and ma
 is the fresh air mass flow rate (kg/s).
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The heat loss by smoke flow out through the openings can be expressed as:

 (18.61)

According to this, it is clear that the heat loss by smoke flow out through openings 
can scale well even for a flashover fire. In addition, it is known that a large amount 
of heat released in an enclosure fire is taken away by smoke flowing out of open-
ings, which is normally called the convective HRR. The fraction of the convective 
HRR in the total HRR is normally in a range of 60–70 %. This is the main reason 
why the simplified Froude scaling can scale the fire scenario well even in model 
scales when the heat fluxes are implicitly scaled.

18.5.4.2  Heat Loss by Conduction into the Walls

According to the above analyses, the convective heat flux and the radiative heat 
flux cannot be scaled precisely as l1/2. This definitely will affect the heat conduction 
inside the wall, since all the heat into the walls comes from the wall surfaces. To 
analyze the influence of convective and radiative heat transfer on the heat conduc-
tion in the walls, the circuit analogy of the heat loss to the walls in an enclosure fire 
is given, as shown in Fig. 18.1.

The total heat loss by conduction to the wall surfaces can be simply expressed as:

 
(18.62)

where the resistances are defined as:

The conductive heat transfer coefficient, hk (kW/m2K), is defined in a similar man-
ner as the convective heat transfer coefficient, hc, and can easily be found for dif-
ferent boundary conditions. Note that ′′qk

 is the heat flux into the wall surface, 
rather than heat flux deep into the wall, and the circuit analogy therefore is only a 
schematic description according to the relationship between the heat flux equations. 
Apparently, the conductive heat transfer coefficient varies with time for an unsteady 
state heat conduction problem.
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Fig. 18.1  Circuit analogy of 
heat loss to the walls in an 
enclosure fire
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Note that it is assumed that the radiative heat transfer is directly related to the 
flame or gas temperature and is proportional to the temperature difference, that 
is, has the same form as the convective heat transfer. However, the radiative heat 
transfer coefficient is not a constant except for a constant radiation temperature. 
The analogy is only used to clarify the interaction between different modes of heat 
transfer.

The above equation indicates that the all the heat resistances should be scaled as:

 (18.63)

Note that the lesser of Rr and Rc dominates the heat transfer to the wall surfac-
es. Quintiere [30] gave typical ranges for the heat transfer coefficients where 
hk ≈  10–30 W/(m2 K), hr ≈ 5–100 W/(m2 K), and hc  ≈ 5–60 W/(m2 K). For com-
monly used gypsum board, the conductive heat transfer coefficient is about 28 W/
(m2 K) in half an hour after ignition and 14 W/(m2 K) in 1 h. We can also calculate 
the radiative heat transfer coefficient using Eq. (18.35). Assume that the emissivity 
equals 0.8 and the wall surfaces are bounded by hot gases, the radiative heat transfer 
coefficient is about 34 W/(m2 K) for a gas temperature of 500 °C and 125 W/m2⋅K 
for 1000 °C. It is clearly shown that after the gas temperature increases to about 
500 °C radiation dominates the heat transfer to the wall surface. It can be expected 
that for a large enclosure fire, the conductive heat transfer dominates the total heat 
transfer from the hot gases to the surrounding walls for a long period. This means 
that if the heat conduction scales well, the total or overall heat transfer should also 
scale well in such cases. In our cases, the wall temperatures between the wall sur-
face ( Tg) and the backside ( To) are the focus.

Note that the total heat transfer corresponds to the heat transfer from the flame 
and hot gases ( Tg) to the penetration boundary inside the wall ( To). However, the 
penetration boundary moves deeper into the wall as time goes by. Therefore, the 
effective thermal resistance of the wall is not constant but increases with time. For 
the wall temperatures at a position close to the wall surface (far away from the 
penetration boundary), the effective thermal resistance of the wall at the beginning 
of the fire cannot dominate the overall heat transfer from the hot gases to the wall, 
and thus the internal wall temperature does not scale very well. However, as the 
penetration depth increases with time, the thermal resistance becomes the dominant 
term in the overall heat transfer from hot gases to the internal walls. In such cases, 
the internal wall temperatures should scale well.

18.5.4.3  Heat Loss by Radiation Through the Vents

The heat loss by radiation through the vents could be estimated by:

 (18.64)
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For enclosures with small openings, the heat loss by radiation through vents can be 
neglected relative to other losses. However, for enclosures with large openings, the 
heat loss by radiation through vents should be taken into account.

The heat loss by radiation through vents scales as the radiation heat flux. Its ef-
fect on the entire heat balance mainly depends on vents area.

18.5.4.4  Global Heat Balance in an Enclosure Fire

Note that the main heat released from a fire is carried away by the smoke flows in 
an enclosure or a tunnel fire, which generally corresponds to 60–80 % of the total 
HRR. This part of the heat can be scaled well, even if the heat loss by conduction 
into the walls and radiation through openings are implicitly scaled. Therefore, heat 
flows in an enclosure fire can be scaled well. In reality, if the heat conduction is 
scaled as presented above, the global heat balance can be scaled better.

18.6  Scaling of Water Sprays

If water-based fire suppression systems are involved in model scale tests, additional 
equations need to be considered.

18.6.1  Single Droplet

At first, we analyze the equations for single water droplet.
The mass equation for a single water droplet can be expressed as [31]:

 
(18.65)
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The momentum equation for a single water droplet is:

 
(18.66)

where the drag coefficient, Cd, can be expressed as [32]:

and

The energy equation for a single water droplet is:

 

(18.67)
where

In the above equations, hm is the mass transfer coefficient (m/s), hl is the convec-
tive heat transfer coefficient between gas and a liquid droplet (kW/(m2 K)), hs is 
the convective heat transfer coefficient between a liquid droplet and a solid surface 
(kW/(m2 K)), Sh is the Sherwood number, D is the mass diffusivity (m2/s), d is the 
droplet diameter (m), Yg is the vapor mass fraction, Yl is the equilibrium vapor mass 
fraction, Xl is the equilibrium vapor volume fraction, xl is the droplet trajectory (m), 
B is a constant, c is the heat capacity (kJ/(kg K)), Cd is the drag coefficient, Al is 
exposed surface of the droplet (m2), Tg is the gas temperature (K), ul is the droplet 
velocity (m/s), u is the gas velocity (m/s), k is the conductivity of the gas (kW/(m 
K)), Qr

 is the radiation absorbed by the droplet (kW), and Lv, w is heat of vapor-
ization of the water droplet (kJ/kg). Subscript l denotes the liquid, b the bulb, boil 
indicates the boiling state, v the vaporization, s is the solid surface, and a is air. Bold 
terms indicate vectors.

The characteristic parameters are introduced to normalize the above equations 
giving:

Mass:

 (18.68)
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Momentum:

 

(18.69)

Energy:

 
(18.70)

The dimensionless groups obtained are listed below:

 
(18.71)

 

(18.72)

Note that the dimensionless group π1 also needs to be preserved, which also indi-
cates that:

 (18.73)

From dimensionless group π19 we have:

 (18.74)

The correlation for the droplet diameter can also be obtained by preservation of 
dimensionless groups, π21, π22, or π23. Also, note that π24 is always preserved. The 
preservation of the dimensionless group π25 will be discussed latter. Until now, all 
the dimensionless groups except π25 are preserved. If the radiation is insignificant, 
it can be expected that this scaling works very well.

18.6.2  Water Sprays

Now we consider water sprays as a whole. Note that the heat absorbed by the water 
spray is one of the heat loss terms for the hot gases and solid surfaces. Therefore, 
the water flow rate needs to be scaled as:

 (18.75)
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Further, note that initial velocity of the water spray is very important and thus needs 
to be scaled. Therefore, the diameter of the nozzle or sprinkler, dn (m), needs to be 
geometrically scaled:

 (18.76)

The other parameters, including the cone angle of the nozzle, spatial distribution 
of the water droplets, and droplet size distribution, also need to be accounted for.

Assuming that the sizes of the droplets are the same, we can estimate the total 
number of the droplets produced per second by the nozzle, N, as:

 (18.77)

In the following we analyze the effect water sprays on the controlling equations for 
the gas flows. Figure 18.2 shows a diagram of water sprays from one sprinkler. An 
element with a volume of dV (m3) and a depth of dx (m) covering the whole droplets 
is focused on. The average downward velocity of the droplets relative to the fluid is 
u (m/s), and the covered area is A (m2). Therefore, we have:

 (18.78)

The sprays have influences on the controlling equations for the gas flows, and all 
the terms related to water sprays can be regarded as source terms in the controlling 
equations for gas flows.

Let us consider the fluid element, as shown in Fig. 18.2. It is assumed that the 
scaling of single water droplets works very well. Thus the source terms of the con-
trolling equations for the fluid element due to the water sprays can be explored.

The mass source for the fluid element is:

 
(18.79)
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Fig. 18.2  A diagram of water 
sprays from one sprinkler
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The momentum source for the fluid element is:

 
(18.80)

The energy source for the fluid element is:

 
(18.81)

Therefore, it can be concluded that the water sprays can be scaled well provided the 
single water droplet is scaled well.

18.6.3  Radiation Absorbed by Water Sprays

The absorption of radiation by water sprays is similar to the absorption of radiation 
by soot in the smoke flows. In a similar way, the transmittance for water sprays, τl, 
can be expressed as [7, 33]:

 (18.82)

where fv is the volume fraction of water spray and L is the path length (m). This 
indicates the absorption coefficient of the water sprays scales as:

 (18.83)

This correlates well with the obtained correlations for radiation. Heskestad [7] ar-
gues that the transmittance needs to be preserved. However, based on the above 
analysis, we know it should not be a constant in different scales.

As pointed out earlier, in enclosure or tunnel fires, scaling of the global radiative 
heat transfer is more meaningful and practical. From the global point of view, the 
radiative heat absorbed by the water sprays can be expressed as:

 (18.84)

where the absorptivity αl, tot:

Note that the radiation emitted from water spray is ignored since it is much less 
important compared to the radiation absorbed. The above equation indicates that the 
absorptivity could become lower in model scales, which is reasonable according to 
the analysis of scaling of heat fluxes.
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18.6.4  Droplet Diameter

Dombrowski et al. [34] found that the median droplet diameter is related to a Weber 
number, that is, the ratio of inertial forces to surface tension forces, and the correla-
tion can be expressed as:

 
(18.85)

where the Weber number, We, is defined as:

In the above equation, σ is the liquid surface tension (N/m) which can be considered 
as constant for a certain temperature, and un is the initial discharge velocity of the 
droplets (m/s). Therefore, the median droplet diameter produced by geometrically 
similar sprinkler scales as:

 (18.86)

Comparing this with the previously obtained correlation shows a discrepancy for 
the scaling of droplet sizes. Heskestad [7] pointed out that the discrepancy may not 
be serious for scales varying within a moderate range.

18.6.5  Surface Cooling

According to the above analysis, water sprays are reasonably scaled before arriv-
ing at the fuel surfaces. Therefore, the mass flow rate of the water arriving at fuel 
surfaces, mw s,  (kg/s), approximately scale as:

 (18.87)

On the fuel surface, the water droplets absorb heat by evaporation to cool the fuel 
surface. An extinction due to surface cooling occurs when the net heat absorbed 
by a fuel surface decrease to a certain value, that is, the critical mass burning rate 
as defined by Tewarson [35] is obtained. The scaling of the heat gain and heat loss 
scales as:

 (18.88)

where mf  is the fuel burning rate (kg/s) and Lv is the heat of vaporization (kJ/kg). 
Subscripts w and f indicate water and fuel, respectively.
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This suggests that the surface cooling scales well. Note that the water sprays are 
also scaled well before arriving at the fuel surface. It can, therefore, be concluded 
that the scaling of fire suppression should be reasonably good.

18.6.6  Automatic Sprinkler

For scaling of automatic sprinklers, the response time of the bulb needs to be scaled, 
together with scaling of the water spray. The thermal response equation for the 
sprinklers can be expressed as follows [28, 29, 36–39]:

 
(18.89)

Where,

In the above equation, RTI is the response time index (m1/2/s3/2), c is the heat of 
capacity (kJ/(kg K)), C is the C-Factor, C2 is a factor accounting for the influence of 
upstream sprays, Tg is the gas temperature (K), Tb is the bulb temperature (K), Tm is 
the temperature of the sprinkler mount (close to ambient) (K), and Xw is the volume 
fraction of water droplets in the gas stream. Subscript b is bulb. Note that C2 and C' 
are constants but C is not.

The characteristic parameters are introduced to normalize the above equation:

 
(18.90)

The dimensionless groups obtained are listed below:

 
(18.91)

For sprinklers, the response time also needs to be scaled in model scales. Note that 
three dimensionless groups related to RTI have been obtained. To preserve π26, RTI 
needs to be scaled as:

 (18.92)

To preserve π27, RTI needs to be scaled as:

 (18.93)
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To preserve π28, RTI needs to be scaled as:

 (18.94)

Thus, comparing the three correlations shows a self-contradiction between them. 
Note that the ratios for π26 and π28 are close to each other, and the convective heat 
transfer dominates the heat balance of the element before its activation. Therefore, 
preservation of π28 is ignored. In short, RTI should be scaled as:

 (18.95)

It is normally impossible to obtain a very small automatic nozzle. Let us consider 
two methods to scale RTI. First, we can use a small cylinder with a specific material 
and diameter which fulfills the condition discussed later. Note that a typical sensing 
element can be seen as a circular cylinder. Due to the Reynolds Number being in 
a range of 40–4000, the convective heat transfer coefficient can be approximately 
expressed as:

 
(18.96)

where Ck is a coefficient, d is the diameter (m), and subscript b indicates bulb. 
Therefore,

 
(18.97)

This indicates that:

 (18.98)

If a small cylinder can fulfill the above condition, the RTI of the element is scaled 
properly. The problem is that the element in model scale is generally so small that 
makes it impossible to produce it. The second way of scaling RTI is using a bulb 
with a small RTI.

18.7  Scaling of Combustible Materials

To scale the combustible materials, three basic parameters need to be preserved: 
geometry, HRR, and energy content. The coverage of the fuels needs to be scaled 
geometrically.
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The HRR can be simply expressed as:

 (18.99)

where  ′′mf  is the fuel mass burning rate (kg/(m2 s)), Af is the fuel surface area (m2), 
χ is the combustion efficiency, and ΔHc is heat of combustion (kJ/kg).

The total energy can be estimated in the form:

 (18.100)

where mf is the fuel mass (kg) and Vf is the fuel volume (m3).
Li et al. [40, 41] proposed a theoretical model of maximum HRRs in metro car-

riages which are correlated with the data from different scales of metro carriage fire 
tests very well. The results suggest that for scaling of the maximum HRR in a fully 
developed vehicle fire, the following correlation also needs to be fulfilled:

 
(18.101)

where Lv, f is heat of gasification of the fuel (kJ/kg).
Scaling of combustible materials is one of the most challenging tasks in physi-

cal scaling. The main problem is caused by the difficulty in choosing materials that 
fulfill all the requirements based on the scaling theory [40, 41]. At present, the main 
practical use of scaling of combustible materials is the scaling of wood crib fires.

18.8  An Example of Scaling Application in Fire Safety 
Engineering

Scaling applications in tunnel fires can be found in many chapters in this book, for 
example, gas temperature, tunnel fire ventilation, and flame length. On these spe-
cific topics, good agreement has been found between model- and large-scale tests. 
Therefore, they are not described further here.

The example presented here has been chosen to illustrate the scaling of inter-
nal wall temperatures in enclosure fires. Li and Hertzberg [6] proposed a method 
for scaling internal wall temperatures, based on which two series of enclosure fire 
tests were carried out in three different scales of enclosures: full scale (1:1), me-
dium scale (1:2), and small scale (1:3.5). The method is depicted in Sect. 18.5.3. 
Figure 18.3 shows the comparison of the internal wall temperatures in full scale 
and medium scales of room fire tests with the fire source placed at the center of the 
room, and Fig. 18.4 shows the comparison of the internal wall temperature in full 
scale and small scales of the center fires. Ten percent corresponds to the location at 
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Fig. 18.4  Internal wall temperatures in full scale vs. small scale [6]

 

Fig. 18.3  Internal wall temperatures in full scale vs. medium scale [6]
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Table 18.1  A list of scaling correlations
Type of unit Scaling

Heat release rate (HRR) (kW) 5/2/ ( / )M F M FQ Q l l= 

Velocity (m/s) 1/2/ ( / )M F M FV V l l=

Time (s) 1/2/ ( / )M F M Ft t l l=

Energy content (kJ) 3/ ( / )M F M FE E l l=

Mass (kg)a 3/ ( / )M F M Fm m l l=

Temperature (K) / 1M FT T =

Gas concentrationa / 1M FY Y =

Pressure (Pa) / /M F M FP P l l=

Fuel mass burning rate (kg/(m2 s)) 1/2( ) / ( ) ( / )f c M f c F M Fm H m H l l∆ ∆ =′′ ′′ 

Fuel density (kg/m3) ( ) / ( ) 1c M c FH Hρ ρ∆ ∆ =

Fuel heat of pyrolysis ( / ) / ( / ) 1c p M c p FH L H L∆ ∆ =

Thermal inertia (kW2 · s · m−4 · K−2)) 3/2
, ,( ) / ( ) ( / )s M s F M Fk c k c l lρ ρ ∝

Thickness (m) 1/2
, ,( / ) / ( / ) ( / )s M s F M Fk k l lδ δ ∝

Heat flux (kW/m2)b 1/2/ ( / )M F M Fq q l l=′′ ′′ 

Water droplet size (mm) 1/2/ ( / )M F M Fd d l l=

Water density (mm/min) ′′ ′′ = q q l lw M w F M F, ,
// ( / )1 2

Water flow rate (l/min)  q q l lw M w F M F, ,
// ( / )= 5 2

Operating pressure (bar) P P l lM F M F/ /=

Response time index, RTI RTI RTIM F M Fl l/ ( / ) /= 3 4

M is model scale and F is full scale
a Assume ΔHc, F = ΔHc, M
b The scaling of the conductive and radiative heat flux could deviate from the scaling law. The 
scaling of conductive heat flux depends on the conductive and radiative heat flux. Details can 
be found in Sect. 18.5

18.8  An Example of Scaling Application in Fire Safety Engineering 
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ten percent of the wall thickness below the interior wall surface. Clearly, it shows 
that there is very good correlation between the full scale and the medium scale. 
Although the internal wall temperatures in the small scale is slightly lower at some 
positions, very good correlation can also be found between the full scale and the 
small scale. Most data lie close to the equal line.

18.9  Summary

Scaling has been successfully applied throughout the development of fire safety 
science in the past several decades. It is a very powerful and cost-effective tool to 
obtain valuable information on fire development and suppression, fire characteris-
tics, smoke movement and smoke control, etc.

Scaling theory that has been developed is depicted in this chapter in detail for 
understanding its mechanism in support of further development of more advanced 
scaling methods. The focus is on the Froude scaling method which is the most com-
mon one used in fire safety science. Scaling of convective heat transfer, radiative 
heat transfer, and heat conduction is investigated as well as scaling of water sprays, 
response time of sprinklers, and combustible materials. A list of scaling correlations 
is given in Table 18.1.

Heat conduction can be scaled very well. Convective heat transfer can be scaled 
very well for turbulent flows in model tunnels with the same relative roughness. 
The convective heat transfer for laminar flows in model scales may be slightly 
overestimated.

Radiative heat flux may be a time-dependent variable during a fire, and emission 
and absorption of radiation by the walls in model scales are generally overestimat-
ed. However, radiation is scaled reasonably well by the fire itself. This could result 
in a slight difference in gas temperatures between scales.

It should always be kept in mind that the scaling techniques presented here can 
only produce scenarios similar to full scales in model scales, rather than accurate 
results. Despite this, the tested fires themselves are still realistic fires.
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