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Introduction

Dear participants of the 12th IAFSS symposium in Lund

When writing this introduction to the book of abstracts of papers, we can already announce that the symposium 
in Lund will be one of the largest in IAFSS history. We have already passed 400 participants and all workshops 
are close to be fully booked. It shows that the IAFSS symposium is a major fire safety science event in the 
world.

Another success for the symposium is the fact that all our papers will be published in special editions of the 
Fire Safety Journal. As such, our papers have a full web of science status, which has become important for 
many researchers in their academic careers. We would like to thank especially Elsevier for this opportunity and 
also for their cooperation in providing the abstracts and the papers to the symposium participants. However it 
also means that all participants have to be aware that the papers provided to them are only intended for IAFSS 
2017 symposium delegates and are not intended for mass distribution or posting online. If you, as an author, 
would like to share your article you can consult the sharing policy provided in this book of abstracts for more 
information on how to promote and share a particular version of the article. We would also like to reserve our-
selves for any changes, which might occur after printing of this book. 

Finally, we would like to thank sponsors of the symposium and we would like to extend our gratitude to all 
the organizations, committee members, and other volunteers that assisted in making this symposium a success. 
They are too many to list, but all of them deserve words of appreciation. Thank you and enjoy the symposium.

Patrick van Hees   Daniel Nilsson 
Chair IAFSS    Symposium Host Committee Chair
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Howard W. Emmons Invited Plenary Lecture
Wildland Fire Spotting by Sparks and Firebrands 

Carlos Fernandez-Pello

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.040

ABSTRACT: Wildland and, Wildland Urban Interface (WUI) fires are an important problem in many areas of 
the world and may have major consequences in terms of safety, air quality, and damage to buildings, infrastruc-
ture, and the ecosystem. It is expected that with climate changes the wildland fire and WUI fire problem will 
only intensify. The spot fire ignition of a wildland fire by hot (solid, molten or burning) metal fragments/sparks 
and firebrands (flaming or glowing embers) is an important fire ignition pathway by which wildfires, WUI 
fires, and fires in industrial settings are started and may propagate. There are numerous cases reported of wild-
fires started by hot metal particles from clashing power-lines, or generated by machines, grinding and welding. 
Once the wildfire or structural fire has been ignited and grows, it can spread rapidly through ember spotting, 
where pieces of burning material (e.g. branches, bark, building materials, etc.) are lofted by the plume of the 
fire and then transported forward by the wind landing where they can start spot fires downwind. The spot fire 
problem can be separated in several individual processes: the generation of the particles (metal or firebrand) 
and their thermochemical state; their flight by plume lofting and wind drag and the particle thermo-chemical 
change during the flight; the onset of ignition (smoldering or flaming) of the fuel after the particle lands on 
the fuel; and finally, the sustained ignition and burning of the combustible material. Here an attempt has been 
made to summarize the state of the art of the wildfire spotting problem by describing the distinct individual 
processes involved in the problem and by discussing their know-how status. Emphasis is given to those areas 
that the author is more familiar with, due to his work on the subject. By characterizing these distinct individual 
processes, it is possible to attain the required information to develop predictive, physics-base wildfire spotting 
models. Such spotting models, together with topographical maps and wind models, could be added to existing 
flame spread models to improve the predictive capabilities of landscape-scale wildland fire spread models. 
These enhanced wildland fire spread models would provide land managers and government agencies with bet-
ter tools to prescribe preventive measures and fuels treatments before a fire, and allocate suppression resources 
and issue evacuation orders during a fire.

KEYWORDS: No keywords

Fire safety engineering in timber buildings

Birgit Östman, Daniel Brandon, Håkan Frantzich

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.05.002

ABSTRACT: The combustibility of timber is one of the main reasons that many building regulations strictly 
limit the use of timber as a building material. Fire safety is an important contribution to feeling safe, and an 
important criterion for the choice of building materials. Historically, the combustibility aspect of wood has 
been a disadvantage for using timber as a construction material. The main precondition for an increased use 
of timber in buildings is providing adequate fire safety. This paper reviews the opportunities and challenges to 
reach this goal by implementing Fire Safety Engineering and Performance Based Design principles.

KEYWORDS: FSE; Life safety; Property loss prevention; Performance-based-design

https://doi.org/10.1016/j.firesaf.2017.04.040
https://doi.org/10.1016/j.firesaf.2017.05.002 
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Studies on accidental gas and dust explosions

Ritsu Dobashi

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.029

ABSTRACT: Fires and explosions are the disasters caused by uncontrolled combustion phenomena. The flame 
propagation during gas and dust explosions is much faster than the flame spread during fire. Therefore, the 
serious damages by accidental explosions often expand widely in a very short time. In this paper, the gas and 
dust explosions are described from a viewpoint of flame propagation phenomena. The understanding of flame 
propagation phenomena is indispensable to perform the consequent analysis of accidental explosions. Basic 
matters and recent research results on the flame propagation during gas and dust explosions are explained.

KEYWORDS: Gas explosion; Dust explosion; Flame propagation; Flame spreading; Flame front instability

Safe evacuation for all - Fact or Fantasy? Past experiences, 
current understanding and future challenges

Karen Boyce

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.05.004

ABSTRACT: Statistics show that significant proportions of our global populations have a disability. Demo-
graphically we are an ageing and an increasingly obese society which, with increased accessibility, means that 
buildings are likely to be frequented by an ever increasing proportion of persons with reduced mobility. There 
is therefore a need to ensure that we can provide an accessible means of egress and a safe evacuation for all. 
Design guidance related to exit widths varies internationally but in the main has its origins in studies conducted 
with populations who were able bodied and fit. Furthermore the relationships between speed/density/flow used 
in hand calculations and computer models have been recognised as being outdated and not necessarily reflec-
tive of society today. This paper considers the evacuation of mixed ability populations in the context of in-
creasing accessibility and changing demographics, reviews the basis for current design guidance and explores 
the design options for persons with reduced mobility. The current understanding of the evacuation capabilities 
of persons with reduced mobility is critically assessed and lessons from real evacuation experiences and other 
studies of mixed ability populations are drawn. In so doing, the sufficiency of current design guidance and 
challenges associated with implementing current approaches are considered and gaps in understanding and 
future research needs identified.

KEYWORDS: Disability; Mobility impairment; Evacuation; Refuge; Lifts/elevators; Escape route design

https://doi.org/10.1016/j.firesaf.2017.04.029 
https://doi.org/10.1016/j.firesaf.2017.05.004
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A review of physics and correlations of pool fire behaviour in 
wind and future challenges

Longhua Hu

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.05.008

ABSTRACT: This paper reviews the physics and correlations for the burning behaviour of pool fires in wind, 
discussing also challenges for future research on this topic. In the past decades, the burning behaviour of pool 
fires in still air, which is solely buoyancy driven, has been extensively studied. These studies are primarily 
focused on scale, radiation, soot, pressure and gravity effects. However, these phenomena and physics change 
significantly with much more complexity in the presence of wind, with regard to heat feedback and burning 
rate; flame geometrical characteristics; flame turbulence, soot and radiation emission. Remarkable progress has 
been made in understanding the behaviour of the heat feedback and burning rate, flame tilt, flame length and 
flame base drag of wind-blown pool fires. Several semi-empirical correlations have been proposed for these 
quantities, based on experimental data and the physically dimensional analysis. However, for wind-blown pool 
fires, the flame soot and radiation emission coupling with complex flow turbulence scales due to the interaction 
of buoyancy with wind still require more basic research. All these processes are more challenging especially 
for wind-blown large scale pool fires, which require knowledge and understanding of the physics, especially 
for establishing evaluation methodologies of their hazard and adverse impact.

KEYWORDS: Pool fire; Wind; Heat feedback; Burning rate; Flame geometry; Soot; Radiation

Structural response of cross-laminated timber compression 
elements exposed to fire

Felix Wiesner, Fredrik Randmael, Wing Wan, Luke Bisby, Rory M. Hadden

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.05.010

ABSTRACT: A set of novel structural fire tests on axially loaded cross-laminated timber (CLT) compression 
elements (walls), locally exposed to thermal radiation sufficient to cause sustained flaming combustion, are 
presented and discussed. Test specimens were subjected to a sustained compressive load, equivalent to 10% or 
20% of their nominal ambient axial compressive capacity. The walls were then locally exposed to a nominal 
constant incident heat flux of 50 kW/m2 over their mid height area until failure occurred. The axial and lateral 
deformations of the walls were measured and compared against predictions calculated using a finite Bernoulli 
beam element analysis, to shed light on the fundamental mechanics and needs for rational structural design 
of CLT compression elements in fire. For the walls tested herein, failure at both ambient and elevated tem-
perature was due to global buckling. At high temperature failure results from excessive lateral deflections and 
second order flexural effects due to reductions the walls' effective cross-section and flexural rigidity, as well 
as a shift of the effective neutral axis in bending during fire. Measured average one-dimensional charring rates 
ranged between 0.82 and 1.0 mm/min in these tests. As expected, the lamellae configuration greatly influenced 
the walls' deformation responses and times to failure; with 3-ply walls failing earlier than those with 5-plies. 
The walls' deformation response during heating suggests that, if a conventional reduced cross section method 
(RCSM), zero strength layer analysis were undertaken, the required zero strength layer depths would range 
between 15.2 mm and 21.8 mm. Deflection paths further suggest that the concept of a zero strength layer is 
inadequate for properly capturing the mechanical response of fire-exposed CLT compression elements.

KEYWORDS: Structural response; Structural design; Cross-laminated timber; Reduced cross-section meth-
od; Instability; Compression; Zero strength layer

https://doi.org/10.1016/j.firesaf.2017.05.008
https://doi.org/10.1016/j.firesaf.2017.05.010
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The effect of flow and geometry on concurrent flame spread

Michael J. Gollner, Colin H. Miller, Wei Tang, Ajay V. Singh

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.05.007

ABSTRACT: Flame spread is an important parameter used in the evaluation of hazards for fire safety appli-
cations. The problem of understanding and modeling flame spread has been approached before, however new 
developments continue to challenge our current view of the subject, necessitating future research efforts in the 
field. In this review, the problem of flame spread will be revisited, with a particular emphasis on the effect of 
flow and geometry on concurrent flame spread over solid fuels. The majority of this research is based on that 
of the senior author, who has worked on wind-driven flame spread, inclined fire spread, flame spread through 
discrete fuels and the particular problem of wildland fires, where all of the above scenarios play an important 
role. Recent developments in these areas have improved our understanding of flame-spread processes and will 
be reviewed, and areas for future research will be highlighted.

KEYWORDS: Flame spread; Concurrent; Burning rate; Inclined; Wind-driven; Wildland fires

Fire toxicity – The elephant in the room?

Anna A. Stec

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.05.003

ABSTRACT: Fire toxicity is the largest cause of death and injury from unwanted fires, yet it is the least well 
studied area of fire science and engineering. Fire toxicity increases by factors up to 50, as the fire becomes 
under-ventilated. This has proved difficult, but not impossible, to replicate in a controlled way on a bench-
scale. Clear correlations have been observed between the stoichiometric equivalence ratio, and the yields of 
the major asphyxiants, carbon monoxide and hydrogen cyanide. In addition, irritant components of fire efflu-
ents, which have an instantaneous effect, can incapacitate fire victims, trapping them in a fire. However, the 
longer term toxicants present in fire effluents, such as the carcinogenic polycyclic aromatic hydrocarbons, and 
the microscopic particulates which result from their agglomeration are probably responsible for hundreds or 
thousands more deaths than the acute asphyxiants and irritants.

KEYWORDS: Polymers; Plastics; Fire; Toxicity; Hazard evaluation; Large scale testing

https://doi.org/10.1016/j.firesaf.2017.05.007
https://doi.org/10.1016/j.firesaf.2017.05.003
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Stochastic modeling of firebrand shower scenarios

Ali Tohidi, Nigel B. Kaye

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.039

ABSTRACT: Firebrand shower and its subsequent spot fires are responsible for more than half of the ignitions 
reported during wildfires, in particular at wildland urban interface (WUI) areas. The firebrand transport is a 
highly stochastic and nonlinear problem which directly influences the spotting distribution. Hence, a coupled 
stochastic model of firebrand showers, that is thoroughly and systematically validated against large scale wind 
tunnel experiments of lofting and downwind transport of model firebrands, is presented. It is shown that the 
developed model predicts the first and second order statistics of the flight accurately in relation to the exper-
imental data. The sensitivity of the model to the initial conditions of the flight as well as the velocity field 
characteristics are examined.

KEYWORDS: Firebrand; Wildfire; Stochastic modeling; OpenFOAM; LES; Wind tunnel

Motivation, drivers and barriers for a knowledge-based test 
environment in structural fire safety engineering science

Cristian Maluk

Fire Safety Journal, ISSN 0379-7112, http://www.sciencedirect.com/science/article/pii/S0379711217303284

ABSTRACT: Structural fire testing has traditionally relied on the use of the standard fire resistance test (i.e. 
furnace test) for assuring regulatory compliance of structural elements and assemblies, and in many cases also 
for developing the scientific understanding of structural response to fire. Conceived in the early 1900s and 
fundamentally unchanged since then, the standard testing procedure is characterized by its high cost and low 
repeatability. A novel test method, the Heat-Transfer Rate Inducing System (H-TRIS), resulting from a men-
tal shift associated with controlling the thermal exposure not by temperature (e.g. temperature measured by 
thermocouples) but rather by the time-history of incident heat flux, was conceived, developed, and validated 
within the scope of the work presented in this paper. H-TRIS allows for experimental studies to be carried out 
with high repeatability, imposing rationally quantifiable thermal exposure, all at low economic and temporal 
cost. This works aims at demonstrating that a rational, and practical, understanding of the fire performance 
of structural systems during real fires is unlikely to be achieved only by performing additional standard fire 
resistance tests. Hence, H-TRIS presents an opportunity to help promote an industry-wide move away from the 
contemporary pass/fail and costly furnace testing environment.

KEYWORDS: Structural response; Structural design; Fire test; H-TRIS; Thermal boundary conditions  

https://doi.org/10.1016/j.firesaf.2017.04.039
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Flame spread over horizontal and vertical wires: The role 
of dripping and core

Yoshinari Kobayashi, Xinyan Huang, Shinji Nakaya, Mitsuhiro Tsue, Carlos Fernandez-Pello

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.047

ABSTRACT: Dripping of polymer insulations in wire fire has a potential risk of igniting nearby objects and 
expanding the size of fire, but has not been well studied so far. In this experimental study, dripping behaviors 
during the flame spread over horizontal and vertical polyethylene (PE) insulated wires were investigated with-
out external airflow. Two different wire dimensions – core/wire diameter of 3.5/8.0 and 5.5/9.0 mm – and three 
different PE insulations were tested. To identify effects of the core, wires with solid copper (Cu) core, hollow 
stainless steel (SS) core, and without core were tested, and both core and insulation temperatures were also 
measured during the flame spread. Experimental results showed that the high-conductance copper core acted 
as a heat source downstream to increase the flame-spread rate. However, in the upstream burning zone, the 
copper core also acted as a heat sink to cool the molten insulation and reduce its mobility. Thus, the copper core 
extended the residence time of molten insulation inside the flame to facilitate the burning while reducing the 
dripping. Moreover, for the downward flame spread, the heating by the dripping flow of hot molten insulation 
dominated over the heating by the core. The downward dripping flow is driven by gravity while limited by the 
viscous and surface tension forces. Therefore, the limited dripping flow along the cooler copper core reduced 
the downward flame spread. The trend of results was also found to be insensitive to the type of PE insulation. 
This is the first time that within a single flame, the simultaneous dual effect of the heat source and heat sink for 
the wire core was observed, and the influence of dripping on the flame spread over the wire was discovered.

KEYWORDS: Polyethylene (PE); Dripping fraction; Burning rate; Core temperature profile

Measurement of instantaneous flame spread rate over solid 
fuels using image analysis

Subrata Bhattacharjee, Luca Carmignani, Gregory Celniker, Blake Rhoades

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.039

ABSTRACT: Spread rate is an overall property of flame propagation that characterizes the condition of a 
flame better than any other property. As a result, prediction and measurement of spread rate is central to flame 
spread studies over solid fuels. Significant amount of data have been collected over last four decades of re-
search on flame spread over various fuels under different conditions. In most of these studies, however, only 
average spread rate is reported which is adequate for steady phenomena. Given that a flame may not face the 
same conditions during the spread, it is possible for the spread rate to change during the duration of the spread 
continually. In this work a methodology for image analysis is presented with the goal of evaluating instantane-
ous spread rate to study time-dependent phenomena. The parameters that control the error and time resolution 
of the flame spread history are identified, and a sensitivity study is carried out to validate the results of a scale 
analysis. A MATLAB-based Flame Image Analyzer (FIA) package is developed and applied to flame spread 
videos recorded in several experiments in different regimes of opposed-flow flame spread. An expression for 
the error in spread rate for a given time resolution is expressed in terms of the imaging parameters. The two pa-
rameters that are found most important are the pixel resolution and the frame rate. A non-dimensional imaging 
parameter is identified that is shown to govern the quality of imaging for spread rate measurement. Theoretical 
prediction from the error analysis is confirmed by doing various case studies using the Analyzer.

KEYWORDS: Fire spread; Image analysis; Spread rate measurement; Downward spread

https://doi.org/10.1016/j.firesaf.2017.03.047
https://doi.org/10.1016/j.firesaf.2017.03.039
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Controlled atmosphere pyrolysis apparatus II (CAPA II): A new 
tool for analysis of pyrolysis of charring and intumescent 
polymers

Joshua D. Swann, Yan Ding, Mark B. McKinnon, Stanislav I. Stoliarov

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.038

ABSTRACT: A new gasification apparatus has been developed to enable a comprehensive analysis of py-
rolysis of charring and intumescent materials. This apparatus provides well defined boundary conditions and 
highly resolved measurements of mass, temperature and sample profile evolution of a disk-shaped 0.07 m 
diameter material sample exposed to radiant heat. All measurements are collected simultaneously, in a single 
experiment, and recorded as a function of time. The oxygen concentration in the pyrolysis zone is controlled 
and can be reduced below 1 vol% to ensure that the measurements are free of oxidation effects. The radiation 
from an external conical heater has been carefully characterized to account for changes in the sample surface 
position, including the surface’s angular orientation. Using an empirical expression, the radiation heat flux can 
be predicted with less than 2% error based on the known surface position and heat flux set point. The NIST Fire 
Dynamics Simulator (FDS) has been utilized in the direct numerical simulation mode to investigate convective 
losses from the sample surfaces. The convective heat transfer coefficient computed for the top (radiation ex-
posed) surface has been found to be dependent on the surface position; its space-averaged value has been vali-
dated against experimental measurements. The capabilities of the apparatus are demonstrated using poly(vinyl 
chloride). It is shown that the apparatus provides repeatable data necessary for modeling of transport processes 
inside pyrolyzing intumescent solids. Non-one-dimensional nature of these processes is discussed.
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Gravimetric measurement of solid and liquid fuel burning rate 
near and at the low oxygen extinction limit
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ABSTRACT: A precision mass balance coupled with a variable oxygen flow tunnel/nozzle enables us to 
measure the burning rate of solid and liquid fuels as a function of ambient oxygen percentage all the way to the 
extinction limit. Two sample configurations have been studied. The first is a liquid fueled wick flame (ethanol 
tea lamp). The total burning rate (mass/time) is measured as a function of wick length and oxygen percentage. 
Near the low oxygen limit, limit-cycle flame oscillation has been found that can last for many minutes to hours. 
The averaged mass burning rate of the oscillatory flame is about one-half that of the steady flame occurring 
at slightly higher oxygen. In the second configuration, local burning rate (mass/area/time) of poly(methyl 
methacrylate) spherical shell samples have been measured in the flame stabilization zone. Each sample has a 
different amount of heat loss and a different oxygen limit. The critical burning rate at their respective oxygen 
limits are different. This implies that critical burning rate is not a property of the material alone and it should 
not be used as the only criterion to judge the extinction or the ignition of materials.
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ABSTRACT: Coal fires originate from coal spontaneous combustion caused by oxidation starting even at 
low temperatures. In order to evaluate the heating and oxidation of coal placed inside a container, a Tem-
perature-Programmed System (TPS) is used under various flow and oxidation conditions for temperatures 
ranging from 40 to 250 °C. As the coal samples are heated in the container within the TPS, the concentration 
histories of the gaseous products are measured as well as the temperature history at the center of the container. 
The Crossing-point Temperature (CPT) is the temperature (temperature and corresponding time) at which the 
increasing coal temperature is equal to the increasing oven temperature within the TPS. We have developed 
energy and oxygen mass conservation equations for the coal pile in a container inside the TPS oven assuming 
uniform conditions for temperature and oxygen concentrations, both assumptions partially justified because 
the heating rate in the oven is very low (1 °C/min). By subtracting the convective heat from the thermal inertia 
of the coal pile in the energy equation, we have obtained from the experimental data the heat owing to oxy-
gen reaction or moisture evaporation. From the oxygen conservation and measurements, we have determined 
apparent activation energy and pre-exponential factor for oxidation assuming that oxidation is proportional to 
oxygen concentration. This information is useful for the mathematical modeling of oxidation and heating in 
the present experiments. Subsequently, the energy and mass conservation equations were solved after being 
transformed to non-dimensional form, which shows that four dimensionless parameters control the heating of 
coal in the present experiments. Only three of these parameters are examined in detail, namely a dimensionless 
flow time, a heat release parameter B, and a Damkohler number Da whereas a moisture parameter is discussed 
qualitatively. Based on the present analysis and data, four stages are identified: (I) initial heating with essential-
ly no reaction or evaporation, (II) evaporation period with essentially no reaction, (III) an unsteady accelerated 
oxidation period during which crossover may occur and (IV) a heating late period where all the oxygen reacts 
inside the container.

KEYWORDS: Spontaneous combustion of coal; Endothermic stages; Crossing Point Temperature; A Dam-
kohler number
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ABSTRACT: Insulation panels made of organic, combustible materials are frequently used in the exterior 
thermal insulation systems (ETIS) for buildings. Such combustible insulation panels have been involved in 
several catastrophic building fires in recent years in China. One potential strategy to mitigate this fire hazard 
is to limit fire spread over the ETIS. The present work evaluates the effectiveness of vertical fire barriers in in-
hibiting fire spread over exposed insulation walls made of expanded polystyrene (EPS) panels. Reduced-scale 
experiments were carried out indoors using EPS panels with or without two vertical barriers made of non-com-
bustible mineral wool, the fire started at the bottom center of the middle panel. The interval and width of the 
barriers were varied systematically, while the temperature distribution on the wall, the radiation heat flux from 
the fire, and the infra-red (IR) images were recorded. To demonstrate the validity of the concept, an outdoor, 
full-scale experiment was carried out using a 7-floor building. Our reduced-scale experiments showed that 
the installation of two vertical fire barriers successfully stopped the lateral flame spread, decreasing the peak 
temperatures of the two side panels by about 300 °C for all barrier configurations tested. When barrier width 
was fixed at 5 cm, an increase of the barrier interval from 30 to 90 cm led to increases in the peak temperatures, 
radiation heat flux, and the maximum rate of upward flame spread. By contrast, when barrier interval was fixed 
at 90 cm, an increase of the barrier width from 2 to 5 cm had little influence on the combustion dynamics of 
the middle panel but the peak temperature on the side panels dropped, consistent with the smaller heat trans-
ferred with wider fire barriers. In the regions of the side panels next to the barriers, pyrolysis and deformation 
could be observed with barrier widths of 2 and 3 cm, but not 5 cm. Finally, our outdoor, full-scale experiment 
demonstrated that a 30 cm wide vertical barrier made of air-filled cement successfully stopped the lateral flame 
spread over exposed EPS wall. The study highlights the effectiveness of vertical fire barriers in preventing the 
lateral flame spread over the exposed EPS insulation wall and provides another option for enhancing the fire 
safety of the combustible insulation systems.

KEYWORDS: Fire spread; Expanded polystyrene (EPS); Exterior thermal insulation system (ETIS); Vertical 
fire barrier; Width effect
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ABSTRACT: Pyrolysis experiments were conducted on medium density fibreboard (MDF) in inert atmos-
phere and different ambient pressures, to investigate the char shrinkage and cracking. It is found that the char 
cracking under uniform heat flux is a typical thermal shock process induced by unbalance shrinkage along 
the sample thickness during pyrolysis. To predict the number of char fissures, the critical stress criterion and 
energy conservation theory are used to develop mathematical models under plane constitutive stress state, 
which reveal that under the same surface degradation the number of char fissures (blisters) strongly relates to 
the pyrolysis depth at cracking time. Increasing external heat flux decreases the pyrolysis depth and increases 
the number of char fissures. Both experiments and numerical modelling are used to validate the models. The 
experimental results show that the horizontal shrinkage is 11% of original length and the micro-structure of 
char fissures of MDF is less uniform compared to the one of natural wood with a cellular pattern. The surface 
stresses after cracking are found similarly close to the tensile strength under different heat fluxes, while the 
surface stresses are very different assuming no crack, which indicates the cracking process reduces the surface 
stress to lower than the tensile strength. The modelled cracking times are different from the observed cracking 
time as the fissures are hard to identify at its initial stage and only when they have expanded to certain size 
the fissures are visually observed. Using the modelled cracking time, the number of char blisters can be well 
correlated with the pyrolysis depth.

KEYWORDS: Pyrolysis; Char; Wood; Thermal shock; Shrinkage; Cracking

Heat release characteristics of ethanol-water mixtures: Small-
scale experiments
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ABSTRACT: Small-scale pool fire tests of ethanol-water mixtures are described in this paper. The main goal 
of the tests was to obtain data on the heat release rate per unit area, the total heat release per unit area, and 
the effective heat of combustion of such mixtures with ethanol percentage of 20 vol% or more. The results 
can be utilised in the interpolation and extrapolation of these quantities for different ethanol percentages and 
irradiance levels. In addition, the results give information on the heat release of possible pool fires of alcoholic 
beverages in a retail store in the case of a fully developed fire. It was concluded that significant fire load is not 
formed until the ethanol percentage of the alcoholic beverage is ca. 20 vol% or more. The data reported can 
also be used as an input to simulations of ethanol-water mixture pool fires in the performance-based fire safety 
design.
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ABSTRACT: The aim of this study is to collect data on the combustion of horizontally-oriented poly(methyl 
methacrylate) (PMMA) samples in reduced oxygen atmospheres for CFD model validation. Experimental re-
sults relating the oxygen concentration to the burning behavior of 3-cm-thick clear PMMA slabs are discussed. 
Experiments are conducted in the controlled atmosphere calorimeter of IRSN called CADUCEE. Pyrolysis 
and combustion of 0.2×0.2 m2 horizontally-oriented PMMA samples are studied varying the oxygen molar 
fraction from 0.210 to 0.180, extinction occurring at about 0.175. The measured quantities are the regression 
rate of the slab, mass loss rate, temperatures and total and radiative heat fluxes at the center of the slab. All 
experiments are carried out twice, showing a good repeatability. It is found that the slab regression rate, mass 
loss rate and heat fluxes at the slab center decrease significantly with the oxygen concentration, while the gas 
temperature is much less sensitive. Most notable is that the radiative and convective contributions to the total 
heat flux remain almost constant, respectively 0.65 and 0.35. It is also found that both heat fluxes and mass 
loss rate exhibit linear oxygen-concentration-dependent behavior. From an energy balance and current average 
values of the total heat flux and regression rate at the center of the slab, the present study obtains a heat of 
gasification value of 2.25 MJ kg−1, in agreement with literature data.

KEYWORDS: Reduced oxygen atmosphere; Heat transfer; Pyrolysis; PMMA; CADUCEE

Pyrolysis kinetics and multi-objective inverse modelling 
of cellulose at the microscale 
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ABSTRACT: The chemistry of pyrolysis, together with heat transfer, drives ignition and flame spread of 
biomass materials under many fire conditions, but it is poorly understood. Cellulose is the main component 
of biomass and is often taken as a surrogate for biomass. Its chemistry of pyrolysis is simpler and dominates 
the pyrolysis of biomass. Many reaction schemes with corresponding kinetic parameters can be found in the 
literature for the pyrolysis of cellulose, but their appropriateness for fire is unknown. This study investigated 
inverse modelling and blind predictions of six reaction schemes of different complexities for isothermal and 
non-isothermal thermogravimetric experiments. We used multi-objective optimisation to simultaneously and 
separately inverse model the kinetic parameters of each reaction scheme to several experiments. Afterwards 
we tested these parameters with blind predictions. For the first time, we reveal a set of equally viable solutions 
for the modelling of pyrolysis chemistry of different experiments. This set of solutions is called a Pareto front, 
and represents a trade-off between predictions of different experiments. It stems from the uncertainty in the 
experiments and in the modelling. Parameters derived from non-isothermal experiments compared well with 
the literature, and performed well in blind predictions of both isothermal and non-isothermal experiments. 
Complexity beyond the Broido-Shafizadeh scheme with seven parameters proved to be unnecessary to predict 
the mass loss of cellulose; hence, simple reaction schemes are most appropriate for macroscale fire models. 
Modellers should, therefore, use simple reaction schemes to model pyrolysis in macroscale fire models.

KEYWORDS: Pyrolysis; Thermogravimetry; Chemistry; Optimisation; Wood; Timber; Charring
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ABSTRACT: Polymers in transport, and many other engineering applications, are required to be mechanically 
tough as well as resistant to ignition and flame spread. These demands are often for many polymer types in 
competition, especially when adding flame retardants. With nano-silica addition, we show that improvements 
in both properties of a polymer can be achieved simultaneously. In this study, an epoxy resin is evaluated for 
its flammability and mechanical properties with step wise additions of nano-silica. The fracture toughness was 
significantly improved. In the single edge notch bending test, the addition of 36% nano-silica particles dou-
bled the toughness and increased the flexure modulus by 50%. Flammability was studied via time to ignition 
at constant irradiation, and via a UL94 test coupled with mass loss and surface temperature measurements. 
Modelling for the heat transport and chemical kinetics in Gpyro was done and yielded good agreement with 
the temperatures measured. Adding up to 36% nano-silica, the time to ignition increased by 38% although 
a sharp decrease was observed around 24% SiO2 addition. We show that the increased time to ignition is 
mostly due to a higher thermal diffusivity, increased inert content, as well as a strengthening of the residue 
outer skin, which acts as a mass barrier for pyrolysate. This outer skin was analysed using a scanning electron 
microscope coupled with an energy dispersive X-ray spectrometer. We found that in the skin the nano-silica 
particles agglomerate at the surface forming a strong continuous structure together with the char residue from 
the epoxy. Improvements in the flammability as seen in the UL94 test were measured with mass loss showing 
a 30% reduction after 20 s, and surface temperatures at the ignited end being up to 75 K lower compared to the 
pure epoxy. Modelling in Gpyro supported the temperature measurements taken. Despite the improvements 
seen, all samples ignited, failing the test with dripping and showing that the improvements recorded in time to 
ignition did not fully translate over to the UL94 test. Overall we show that the flammability and toughness of 
epoxy could be improved simultaneously with nano-silica. Using up to 36% nano-silica, the significant modi-
fication of thermal properties could be explored in relation to fire properties for epoxy. Increasing the thermal 
diffusivity as well as skin formation are the main parameters improving the flammability and show a path for 
potential improvements in other composites as well.
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ABSTRACT: The predictive capabilities of the pyrolysis model implemented in the IRSN ISIS fire simulation 
software are investigated in the present paper. Cone calorimeter experiments under neutral and usual atmos-
phere on non-charring polymers, namely PMMA, HIPS and HDPE, are compared to numerical simulations. 
The pyrolysis and CFD models are chosen to be sufficiently accurate without requiring a posteriori additional 
parameters fitting. The simulations of gasification experiments are firstly carried out using the pyrolysis model 
separately with a fixed heat flux as boundary condition, which only requires thermal and thermokinetic param-
eters that have been fully described in the literature. Predictive simulations of cone calorimeter experiments in 
flaming conditions need the additional description of the flame feedback flux which is simulated by the CFD 
model including mass transport, convective and radiative heat transfers and turbulent combustion in RANS 
framework. In this purpose, the ill-known constants involved in the turbulent combustion model are prelimi-
nary calibrated by comparison to the Mc Caffrey diffusion flames reference test case.
Both gasification and cone calorimeter simulations provide results in good agreement with their experimental 
counterparts in terms of mass loss rate and heat release rate evolution, respectively. The analysis of the flame 
structure resulting from the simulations also suggests that forced pyrolysis performed under cone calorimeter 
induces larger (and partially laminar) flames than in self-sustained pyrolysis tests, which leads to the prepon-
derance of the radiative effects on the feedback flux.
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ABSTRACT: Wood is a material widely used in the built environment, but its flammability and response to 
fire are a disadvantage. Therefore, it is essential to have substantial knowledge of the behavior of wood un-
dergoing external heating such as in a fire. The majority of studies in the literature use constant irradiation. 
Although this assumption simplifies both modelling and experimental endeavors, it is important to assess the 
behavior of materials under more comprehensive heating scenarios which might challenge the validity of sol-
id-phase ignition criteria developed previously. These criteria are evaluated here for the spontaneous ignition 
under transient irradiation by combining experimental measurements and a-priori predictions from a model 
of heat transfer and pyrolysis. We have applied a two-step transient irradiation in the cone calorimeter in the 
form of a growth curve followed by constant irradiation. We use white spruce samples of size 100×100 mm 
and thickness of 38 mm . We measure the temperature at different depths and the mass loss. A one dimensional 
model written in the open source code Gpyro is used to predict the pyrolysis behavior. The model has a chem-
ical scheme in which the components of wood (hemicellulose, cellulose, lignin) become active, then decom-
pose in two competing reactions: one reaction to char and gas, and one reaction to tar. The kinetic parameters, 
as well as the thermal properties of the wood and char are taken from the literature, while ρ and moisture 
content are measured experimentally. A priori predictions of the temperature, made prior to the experiments, 
show excellent agreement with the measurements, being within the experimental uncertainty range. The mass 
loss rate (MLR) predictions are qualitatively similar to the measurements, but there is a large uncertainty in the 
measurements. For a-posteriori simulations, certain parameters are changed after having access to the meas-
urements to improve the simulations. Also, we perform an evaluation of the solid phase ignition criteria used 
in the literature, and find that neither criteria is a consistent indicator of ignition. These results help understand 
the spontaneous ignition of wood subjected to transient irradiation and identify strengths and gaps in the topic.
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ABSTRACT: This contribution investigates the low ignition temperature of carbon disulfide (CS2) with tubu-
lar flow reactor experiments. It explains the extreme flammability of CS2 with kinetic modelling entailing ele-
mentary reactions. The experiments are performed under dry conditions for an oxygen-fuel equivalence ratio 
of 0.7, 1.0 and 1.2 and for a temperature range of 700–1200 K. Compared with moist oxidation, the reaction 
forms CO as a final product, as we detected no CO2 in the exhaust gases. A sensitivity analysis confirmed a 
significant influence of the CS2/O2 and S/O2 sub-mechanisms on the oxidation process. Subsequent theoretical 
calculations analysed the nature of the intersystem crossing responsible for lowering the activation energy for 
key elementary reactions and its influence on the low ignition temperature of CS2 under dry condition. Our 
experimental and modelling results also account for the extreme flammability of other reduced sulfur species.
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ABSTRACT: Accumulation of combustible biomass residues on hot surfaces of processing machineries can 
pose fire hazards. In addition, the presence of nitrogen oxides (NOx) from plant equipment alters the local 
conditions, aggravating the propensity for low temperature ignition risks. This study presents an experimental 
study on a relative effect of NOx on ignition temperature of morpholine, an important surrogate of biomass, to 
reveal the sensitising role of NOx in ignition of biomass fuels and to gain mechanistic insights into the chem-
ical aspect of this behaviour in fire. The experiments employed a flow-through tubular reactor, operated at 
constant pressure and residence time of 1.01 bar and 1.0 s, respectively, and coupled with a Fourier-transform 
infrared spectroscope. For a representative fuel-rich condition (Φ=1.25), the concentration of NOx as small as 
0.06% lowers the ignition temperature of morpholine by 150 °C, i.e., from approximately 500 °C to 350 °C. 
The density functional theory (DFT) calculations performed with the CBS-QB3 composite method, that com-
prises a complete basis set, characterised the dynamics and energies of the elementary nitration reactions. We 
related the observed reduction in ignition temperature to the formation of unstable nitrite and nitrate adducts, 
as the result of addition of NOx species to morphyl and peroxyl radicals. Furthermore, the reaction of NOx with 
low-temperature hydroperoxyl radical leads to the formation of active OH species that also propagate the igni-
tion process. The present findings quantify the ignition behaviour of biomass under NOx–doped atmospheres. 
The result is of great importance in practical applications, indicating that safe operation of wood-working 
plants requires avoiding trace concentration of NOx within the vicinity of biomass residues. This can be facil-
itated by proper (and separate) venting of engine exhausts.

KEYWORDS: Fire chemistry; Sawmill; Explosion; Ignition; Biomass; Wood; Dust; Morpholine; Sensitisa-
tion; NOx; Nitration reaction; Nitrosation reaction; Density functional theory (DFT)
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ABSTRACT: Smouldering combustion is one of the most common and persistent fire hazards of reactive 
porous media, such as biomass. In this work, a two-dimensional multi-layer cellular automaton has been devel-
oped to study the process of smouldering and the roles of both the ignition location and the direction of airflow 
for generic biomass. Three different configurations are studied: line front, with forward and opposed airflow 
respectively, and radial front. The first two configurations simulate ignition of one edge of the sample, while 
the radial front simulates ignition of a spot at the centre of the sample. The resulting spread patterns of line 
vs. radial front are significantly different. Furthermore, when smouldering occurs with similar characteristics, 
where both line front and radial front are self-sustained, the smouldering radial front has a higher growth rate 
than the line front. However, in the studied cases where enough oxygen is always available for oxidation, the 
direction of the airflow does not influence the spread of the smouldering front, and the line front with forward 
and opposed airflow present similar behaviour. Finally, two non-zero minimum values have been detected for 
self-sustained spread according to the moisture of the fuel (probability of drying) and its tendency for thermal 
degradation (probability of pyrolysis). This model provides a powerful but simple way of reproducing the 
complex dynamics of smouldering processes which can be used to investigate different scenarios.
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ABSTRACT: The critical mass loss rate and critical heat flux for self-extinction of flaming combustion during 
steady-state burning of timber was measured in this study for a range of timber species. A vertical mass loss 
calorimeter was used to provide the external heat flux and to measure the mass loss of the timber samples. The 
results showed that the critical mass loss rate was dependent upon the timber species but did not show a clear 
dependency with the timber density. Critical mass loss rates and heat fluxes for self-extinction exist for each 
of the timber species tested for both the solid timber and cross laminated timber (CLT). Debonding of both the 
char layer and the individual lamella of the CLT caused increased mass loss rates, re-ignition after self-extinc-
tion and increased flame lengths. Both char and ply fall-off were observed.

KEYWORDS: Heat transfer; Self-extinction; Timber; External heat flux; Cross laminated timber; Critical 
mass loss rate
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ABSTRACT: Selecting fabrics based on their fire resistance is important for professions with substantial fire 
risk such as firefighters, race car drivers, and astronauts suits. Generally, fire resistant materials are tested under 
standard atmospheric conditions. However, their flammability properties can change when the ambient condi-
tions deviate from standard atmospheric conditions. Particularly in high altitude locations, aircraft, and space-
craft, the pressure and oxygen concentrations are different than in a standard atmosphere. Also, the presence 
of external radiation (i.e. overheating component or nearby fire) can reduced the fire resistance of a material. 
In this work, an experimental study was conducted to analyze the influence of environmental variables such as 
oxygen concentration, ambient pressure, and external radiant heat flux on the flame spread limits of two differ-
ent fire resistant fabrics: Nomex HT90-40 and a blend made of Cotton/Nylon/Nomex. Ambient pressure was 
varied between 40 and 100 kPa and ambient oxygen concentrations were decreased until the Limiting Oxygen 
Concentration (LOC), limiting conditions which would permit flame propagation, were found. Experiments 
were conducted using no external radiant flux or a radiant flux of 5 kW/m2 to examine the influence of the pres-
ence of a nearby heat source. Among the results, it was found that as ambient pressure is reduced the oxygen 
concentration required for the flame to propagate must be increased. The external radiant heat flux acts as an 
additional source of heat and allows propagation of the flame at lower oxygen concentrations. An analysis of 
the propagation limits in terms of the partial pressure of oxygen suggest that the LOC of a material is not only 
determined by heat transfer mechanisms but also by chemical kinetic mechanisms. The information provided 
in this work helps characterize increased flammability risk of materials when in environments different from 
the standard atmospheric conditions at which they are typically tested.
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ABSTRACT: In this paper we perform predictive simulations of liquid pool fires in mechanically ventilated 
compartments. We show that steady state burning rates are accurately predicted using a detailed model for the 
liquid phase heat transfer. The effect of lowered oxygen vitiation on the burning rate of pool fires is correctly 
captured. Simulations were done using the Fire Dynamics Simulator and the experiments considered were con-
ducted in the OECD PRISME project. The main difference between the present study and previous simulation 
studies is the use of a detailed liquid evaporation model and the direct calculation of the vitiation and thermal 
environment interactions through the CFD solver.
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ABSTRACT: Numerical simulations of fire-induced smoke movement in the stairwell of a high-rise building 
are conducted using FDS, version 6.0.1, with default settings. Twelve scenarios are considered. The required 
fineness of the grid has been determined in earlier work by considering both the fire source and the vent flow, 
and by assessing the velocity profile at the bottom opening and the vertical distribution of temperature in the 
stairwell. In the present study, the results including the airflow velocity at the bottom opening, vertical distri-
bution of temperature, the temperature at the middle opening, pressure distribution, and neutral plane height 
in the stairwell, are compared to experimental data. For the average velocity through the bottom opening, a 
maximum deviation of 16.23% is obtained. Good agreement is achieved for the vertical temperature inside the 
stairwell (maximum relative deviation of 12.3%). By analyzing the temperature at the middle opening, it is 
found that the smoke moves faster than in the experiment. The influence of the staircase on the pressure distri-
bution is demonstrated by comparing two cases: one with and one without staircase. The difference between 
the pressure inside the stairwell and the pressure outside increases with height, due to fire-induced buoyancy. 
However, the pressure difference evolution is non-monotonic when there are staircases inside the stairwell. 
The neutral plane height value, as obtained by post-processing the simulation results, is too high in the simula-
tions, compared to experimental data and the corresponding analytical expression. Finally, the influence of the 
turbulence model is shown to be negligible.

KEYWORDS: High-rise building fire; Buoyant smoke movement; Numerical simulations; Stairwell
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ABSTRACT: Firefighters would greatly benefit from a technology based on predictive fire simulations, able 
to assist their decision making process. For those simulations to be useful, they need a certain degree of pre-
cision and resolution that can only be provided by CFD type fire models. But CFD simulations typically take 
large periods of time to complete, and their results would thus not be available in time to be of use during 
an emergency. Due to the high complexity of fire spread dynamics that arises from the interaction between 
solid and gas phase and the corresponding physical-chemical processes (e.g. pyrolysis), the spread of the fire 
cannot be predicted from first principles in real-time using contemporary computers, and has to be given as 
parameters to the model. Data can be incorporated into the model to characterise the fire, but only a limited 
range of measurements are recorded in current buildings. While it might be possible that buildings of the future 
incorporate a higher density of sensors than contemporary buildings, it is likely that emergency response sys-
tems will have access only to conventional data such as smoke detectors and sprinkler activation time for the 
foreseeable future. In this study the use of conventional detection and suppression devices for the estimation 
of fire characteristics by means of an inverse modelling framework is explored. Additionally to the growth rate 
of the fire, the location of the fire origin is successfully estimated. Inverse CFD modelling and tangent lineari-
sation is used to assimilate the data. The nature of the incoming data is consistent with current detection and 
suppression devices, in such that only a time of activation is recorded and fed into the model. It is shown that 
the growth rate of the fire and the location of its origin can be correctly and efficiently estimated using sprinkler 
and smoke detector activation time only. It is further shown that the estimated spread rate is not sensitive to 
fire origin location.

KEYWORDS: Modelling; Fire growth; Compartment fires; CFD; Forecasting
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ABSTRACT: The main purpose is to focus on the assessment of an ignition risk due to a large amount of un-
burnt fuel gases accumulated in the extraction duct connected to a confined and mechanically ventilated enclo-
sure fire combining numeric and experiment. The current numerical study includes the initial well ventilated 
fire, spreading of flame in the enclosure, subsequent decay during under-ventilated conditions and exhaust of 
unburnt gas ignition in an extraction duct. Globally, Large Eddy Simulation (LES) combined with an Eddy 
Dissipation Concept (EDC) combustion model shows the feasibility for simulations of the air vitiation effect 
on transient combustion events occurring in a closed environment. A particular effort is undertaken to properly 
predict the pressure level inside a confined facility, and consequently, air inflow supply rate by using a HVAC 
system. Overall, the numerical results are in fair agreement with the experimental data for the minor species 
production (CO, H2), and good agreement for pressure pulse, temperature peak, the major species and heat re-
lease rate. In spite of results for minor species that could be improved, the current work confirms the feasibility 
of a numerical treatment of under-ventilated fire phenomena. The possibility of simulating an ignition risk in 
an extraction duct connected to a very under-ventilated enclosure fire, has been demonstrated with success in 
medium-scale facility. 

KEYWORDS: Enclosure fire; Pressure build-up; Air supply rate; Extraction duct; Ignition risk

Effect of cross section on critical velocity in longitudinally 
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ABSTRACT: Numerical and theoretical work was conducted to investigate the effect of tunnel cross section 
on critical velocity for smoke control in longitudinally ventilated tunnel fires. The results show that for small 
fires, the critical velocity decreases with both the increasing tunnel height and tunnel width. For large fires, the 
critical velocity significantly increases with the increasing tunnel height but is independent of tunnel width. 
Different calculation models are compared with a focus on effect of tunnel cross section. A new correlation is 
proposed to account for the effect of tunnel width based on the previous model.

KEYWORDS: Critical velocity; Tunnel fires; Longitudinal ventilation; Smoke control
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ABSTRACT: In this study, fire experiments using a 1:20 model-scale tunnel were conducted to investigate 
the performance of natural ventilation in an underground road tunnel with six vertical shafts. The experimental 
parameters were the heat release rate of a fire source and the height of the shafts, and nine experiments were 
conducted in total. Furthermore, simple models were developed for predicting the temperature distribution of 
the smoke flowing under the tunnel ceiling. The following results were obtained: (1) In the experiments, the 
form of the smoke exhausted from the shaft became plug-holing when the shaft height was 1.0Ht, and became 
boundary layer separation when the height was 0.24Ht. (2) The average efficiency of heat exhaust was 0.16 
when the form was plug-holing, and was 0.12 when the form was boundary layer separation. (3) When the 
form was plug-holing, the ratio of entrainment of fresh air became almost constant regardless of Ri. On the 
other hand, when the form was boundary layer separation, the ratio of entrainment of fresh air was smaller than 
that under the condition of plug-holing. (4) The temperature distribution under the tunnel ceiling predicted by 
the models agreed with that measured by the fire experiments in all cases.

KEYWORDS: Modeling; Tunnel fire; Natural ventilation; Vertical shaft; Fire experiments

An experimental study on backdraught: The dependence on 
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ABSTRACT: This paper presents the results of a series of reduced scale experiments to investigate the tem-
perature conditions leading to backdraught in a fire compartment (0.8 m×0.4 m×0.4 m), using solid polypro-
pylene pellets as the fuel. The factors of primary interest are the pre-burn time, before the fire becomes oxygen 
limited, the duration of door closure, and the temperature distribution in the compartment. It is shown that the 
temperature inside the compartment is crucial for the occurrence of backdraught. Above 350 °C, backdraught 
by auto-ignition is possible. If a pilot spark is present, backdraught may occur at temperatures down to 300 
°C. It is shown that backdraught conditions can be achieved in the early stages of a fire as long as a suitable 
temperature is reached, at considerably lower temperatures than those generated during flashover. Further in-
vestigation on gas concentration is essential to understand the chemistry of backdraught combustion.

KEYWORDS: Backdraught; Temperature; Auto-ignition; Piloted ignition
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ABSTRACT: A large-scale fire test was conducted on a compartment constructed from cross laminated timber 
(CLT). The internal faces of the compartment were lined with non-combustible board, with the exception of 
one wall and the ceiling where the CLT was exposed directly to the fire inside the compartment. Extinction of 
the fire occurred without intervention. During the fire test, measurements were made of incident radiant heat 
flux, gas phase temperature, and in-depth temperature in the CLT. In addition, gas flow velocities and gas phase 
temperatures at the opening were measured, as well as incident heat fluxes at the facade due to flames and the 
plume leaving the opening. The fuel load was chosen to be sufficient to attain flashover, to achieve steady-state 
burning conditions of the exposed CLT, but to minimize the probability of uncertain behaviors induced by 
the specific characteristics of the CLT. Ventilation conditions were chosen to approximate maximum temper-
atures within a compartment. Wood cribs were used as fuel and, following decay of the cribs, self-extinction 
of the exposed CLT rapidly occurred. In parallel with the large-scale test, a small scale study focusing on CLT 
self-extinction was conducted. This study was used to establish: the range of incident heat fluxes for which 
self-extinction of the CLT can occur; the duration of exposure after which steady-state burning occurred; and 
the duration of exposure at which debonding of the CLT could occur. The large-scale test is described, and the 
results from both the small and large-scale tests are compared. It is found that self-extinction occurred in the 
large-scale compartment within the range of critical heat fluxes obtained from the small scale tests.

KEYWORDS: Compartment fires; Heat transfer; CLT; Self-extinction
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ABSTRACT: This work deals with the interaction between water droplet flows and smoke in a fire event in a 
confined and ventilated enclosure. The objective is to identify the specific effect of water spray in the specific 
environment of a confined and ventilated enclosure. The study is based on 17 large-scale fire tests performed in 
one room of 165 m3 ventilated at a renewal rate of 15.4 h−1. The fire source is a propane gas burner with a heat 
release rate of between 140 and 290 kW. The water spray system consists of two Deluge nozzles with a nozzle 
coefficient of 26 l/min/bar0.5. The test parameters are the fire heat release rate, the water flow rate, from 50 to 
124 l/min, and the activation time. The study focuses on three topics, the interaction of the droplets with the 
smoke, the droplet evaporation process and the energy transferred to the droplets. The water spray significantly 
modifies the smoke stratification by mixing and cooling the gas phase. The rate of droplet evaporation has been 
determined from the water mass balance and is of the same order of magnitude as the rate of water vapor pro-
duction by the combustion reaction. Heat transfer from the smoke to the droplets has been investigated using 
the energy balance equation. For a fire scenario in a confined and ventilated enclosure, the energy released by 
the fire is mainly transferred to the walls and extracted by the ventilation network. In the event of water spray 
activation, a significant share, up to 65%, is transferred to the droplet flows.

KEYWORDS: Smoke; Compartment fire; Fluid dynamics; Industrial fire; Droplet flows
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ABSTRACT: Spill fire experiments with continuous discharge on a fireproof glass sheet were conducted to 
improve the understanding of spill fire spread and burning. Ethanol was used as the fuel and the discharge rate 
was varied from 2.8 mL/s to 7.6 mL/s. Three ignition conditions were used in the experiments; no ignition, 
instantaneous ignition and delayed ignition. The spread rate, regression rate, penetrated thermal radiation and 
the temperature of the bottom glass were analyzed. The experiments clearly show the entire spread process for 
spill fires. Further, the regression rate of spill fires at the quasi-steady burning was lower than that of pool fires 
and the ratio of the spill fires’ regression rate to the pool fires’ regression rate was found to be approximately 
0.89. With respect to the radiative penetration and the heat conduction between the fuel layer and the glass, a 
regression rate expression for spill fires was developed based on some modifications on existing expressions 
for pool fires. In addition, a complete phenomenological model for spill fires was developed by combining the 
characteristics of spread and burning. The model was verified by the experimental data and found to predict 
the spread process for spill fires with reasonable accuracy.

KEYWORDS: Continuous discharge; Spill fire; Regression rate; Model
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ABSTRACT: A model for smoke filling in a large room was developed that considers entrainment into the 
horizontally spreading smoke under the ceiling. This was accomplished by incorporating a simple model for 
the spreading ceiling jet into the two-layer zone model. Here, the proposed model was validated by focusing 
on the horizontal smoke spread phase on the basis of the previous experimental data of smoke spread in a large 
office room. The calculated results were in good agreement with the experimental data. In addition, a case 
study on the smoke filling in a large room was conducted to clarify the characteristics of the proposed model. 
As a result, the proposed model can predict the underside of the smoke layer to be lower than the two-layer 
zone model.

KEYWORDS: Modeling; Smoke; Entrainment; Ceiling jet; Zone model; Large space

Grouping methods for MPS soot transport model and its 
application in large-scale enclosure fires
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ABSTRACT: A soot transport model called Multi-Particle-Size model (MPS model) was developed to im-
prove the prediction of soot movement by considering the uneven mass size distribution of soot particles and 
the influence of particle size on the gravitational settling. The model requires a sophisticated grouping method 
to divide the soot particles into several groups and determine the representative size for each group. In this pa-
per, several soot particle grouping methods and the approach to calculate the representative sizes are developed 
with the aim of balancing the computational efficiency and the prediction accuracy of the model. The perfor-
mance of the MPS model when different grouping methods are applied is investigated through the comparison 
of the predicted movement of soot particles generated from several materials. Based on this analysis a group-
ing method that results in the identification of three groups is shown to be sufficient to represent the influence 
of particle size on the gravitational settling for a variety of combustible materials and the computational cost 
of the extra governing equations for the transport of soot particles in the groups is acceptable. Furthermore, 
the efficiency of the model is demonstrated by simulating soot movement in a large-scale industrial building 
with a high ceiling.

KEYWORDS: Smoke, CFD model, soot transport model; Settling velocity; Grouping method; Large-scale 
enclosure fire
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ABSTRACT: This paper presents an experimental investigation on the transverse ceiling flame length and the 
temperature distribution of a sidewall confined tunnel fire. The experiments were conducted in a 1/6th scale 
model tunnel with the fire source placed against the sidewall, 0 m, 0.17 m and 0.35 m above the floor, respec-
tively. Experiments of fire against a wall without a ceiling, 0.35 m above the floor in a large space, were also 
conducted as a control group. Results shows that for small heat release rate (HRR), the flame is lower than 
the ceiling and extends along the sidewall. With the increase of HRR and elevation of burner height, the flame 
gradually impinges on the ceiling and spreads out radially along it. The flame impingement condition and the 
flame shapes of the wall fire with and without ceiling are presented. From the viewpoint of the physical mean-
ing of flame impinging on the ceiling, the horizontal flame length should be a function of the unburned part 
of the fuel at the impinging point. Based on the proportional relation between the flame volume and HRR, the 
effective HRR (Qef) at the ceiling is determined and the effective dimensionless HRR, Q*ef is defined to corre-
late the horizontal ceiling flame length. Additionally, predictive correlations of transverse ceiling temperature 
distribution are proposed for the continuous flame region, the intermittent flame region and the buoyant plume 
region under the ceiling, respectively.

KEYWORDS: Tunnel fire; Ceiling flame length; Temperature distribution; Sidewall confined; Flame im-
pingement
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ABSTRACT: Fire-induced pressures have not been considered dangerous in building fires, but the situation 
may be changing as building envelopes become increasingly air-tight. In this study, we investigate whether this 
can change the fire development and pose new risks for structural and evacuation safety. We used experiments 
to validate the numerical models, and models for simulating the fire development in buildings with different 
air-tightness levels. The simulations considered air permeability values typical for traditional, modern and 
Near-Zero buildings. Three different smoke damper configurations were studied, and the fire growth rates were 
varied from medium to ultra-fast. The results showed that transitioning from traditional and modern buildings 
to Near-Zero buildings can sufficiently increase the peak overpressures from fast-growing fires to cause struc-
tural damage. Conditions were identified for avoiding excessively high overpressures, while preventing smoke 
from spreading through the ventilation system.

KEYWORDS: Pressure; Modelling; CFD; Smoke; Airtightness; Near-zero buildings; High-rise buildings
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ABSTRACT: Experimental and numerical analysis have been performed to evaluate the influence of the soot 
yield parameter on the results of advanced engineering analysis, in regards to visibility. After identifying soot 
yield as the most influential factor on the results, fuels with various values of Ys have been analysed in a fire 
chamber and then compared to numerical data. The numerical analysis has been performed using two differ-
ent CFD packages, ANSYS® Fluent®, and Fire Dynamics Simulator. The numerical analysis itself show an 
apparent hyperbolic trend of the visibility when changing the soot yield with clear consequences on the ASET 
(Available Safe Egress Time). Below a cut-off point, that exists at a soot yield value close to Ys =0,10 g/g, a 
small change in the parameter causes a substantial shift in the results (visibility or ASET time), while above 
this value an increase to soot yield does barely influence the results. Qualitative assessment of the results shows 
a need for use of conservative values of Ys in engineering analysis if detailed and precise material data is not 
available. Additionally to the full-scale experiments, a real case study has been included to show how this 
research can be translated into the Fire Safety Engineering design process. In this study, change of Ys value 
below 0,10 g/g caused a significant change of the qualitative assessment of the results of CFD.

KEYWORDS: Fire; Smoke; CFD; Smoke management; Visibility; Soot yield
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ABSTRACT: The study focuses on release of liquids inside tunnels from tankers containing dangerous good. 
Experiments and analysis from large scale tests are presented. The tests include different leakage rates, leakage 
type, liquids, spillage sizes on sloping surfaces and heat release rates. Models for estimation of leakage rates, 
spillage sizes and heat release rates for different scenarios are presented. The results are important to use in 
the design of active fire protections systems in tunnels including ventilation, fixed fire-fighting and drainage 
systems.

KEYWORDS: Dangerous goods; Spilled liquid; Spillage; Leakage rate; Fire; Heat release rate; Tunnels
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ABSTRACT: A series of compartment fire tests with multiple exposed timber surfaces have been undertaken 
to explore the effect of exposed timber on the fire dynamics and the potential for auto-extinction. A test with 
exposed wall and ceiling achieved auto-extinction after approximately 21 min. Firepoint theory is applied 
using temperature data at the charline, is shown to predict a mass loss rate dropping below the critical value at 
20–21 min, and thus is successful in predicting auto-extinction. Additional uncertainties caused by delamina-
tion are explored, and recommendations for the use of auto-extinction in design are given.

KEYWORDS: Compartment fires; Heat transfer; Extinction; Performance-based design; Firepoint theory
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ABSTRACT: This paper investigates flame projection probability from a compartment with opposing open-
ings under assisting wind environment. The effect of external wind on the flow conditions at the door, hot 
gas velocity at the window and flame projection probability was investigated. Results showed that when the 
external wind is absent or at low wind velocities, bidirectional flow can be seen at the door. With the increment 
of the wind velocity, the bidirectional flow will become unidirectional at low fuel supply rate. At high wind 
velocities, the unidirectional flow can be seen at the door regardless of the fuel supply rate. Correlations for 
hot gas velocity at the window are formulated based on the mass conservation of the flow in the compartment. 
The calculated results have a good agreement with the experimental data. Due to fluctuations of the gases 
ejected from the window, flames eject from the compartment intermittently. The intermittent characteristic of 
flame ejecting from the compartment is influenced by the temperature and velocity of the hot gas velocity at 
the window. The model to predict flame projection probability is modified based on previous study without 
external wind.

KEYWORDS: External wind; Bidirectional flow; Unidirectional flow; Hot gas velocity; Flame projection 
probability
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ABSTRACT: Within a fast evolving built environment, understanding fire behaviour and the thermal expo-
sure upon structural elements and systems is key for the continued provision of fire safe designs and solutions. 
Concepts of fire behaviour derived from research in enclosure fires has traditionally had a significant impact 
in general building design. At present, open floor plan enclosures are increasingly common – building design 
has drastically drifted away from traditional compartmentalisation. Nevertheless, the understanding of fire 
behaviour in open floor plan enclosures has not developed concurrently. The compartment fire framework, 
first conceived for under-ventilated fires in cubic compartments, has remained as standard practice. Although 
energy conservation within the enclosure was the basis for the current compartment fire framework that defines 
under-ventilated enclosure fires, little effort has been carried towards understanding the distribution of energy 
in design frameworks conceived for open floor plan enclosure fires. The work presented herein describes an 
analysis of the energy distribution established within an experimental full-scale open floor plan enclosure sub-
jected to different fire modes and ventilation conditions. The results aim to enable the designer to estimate the 
fraction of the total energy released during a fire noteworthy to structural performance.

KEYWORDS: Enclosure fires; Energy distribution; Fire dynamics; Large-scale fire test; Heat transfer; Struc-
tural response; Structural design
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ABSTRACT: To study what parameters that control the initial fire spread and the development to local flash-
over in a metro carriage, a total of six fire tests were conducted in a mock-up of a metro carriage that is about 
1/3 of a full wagon length. They were carried out under a large scale calorimeter in a laboratory environment. 
The focus was on the initial fire development in a corner scenario using different types of ignition source that 
may lead to a fully developed fire. The ignition sources used were either a wood crib placed on a corner seat or 
one litre of petrol poured on the corner seat and the neighbouring floor together with a backpack. The amount 
of luggage and wood cribs in the neighbourhood of the ignition source was continuously increased in order 
to identify the limits for flashover in the test-setup. The tests showed that the combustible boards on parts of 
the walls had a significant effect on the fire spread. In the cases where the initial fire did not exceed a range of 
400–600 kW no flashover was observed. If the initial fire grew up to 700–900 kW a flashover was observed. 
The maximum heat release rate during a short flashover period for this test set-up was about 3.5 MW. The 
time to reach flashover was highly dependent on the ignition type: wood cribs or backpack and petrol. A full 
developed carriage fire was achieved as a result of intense radiation from the flames and ceiling smoke layer. 
This was mostly dependent on the amount of fire load nearby the ignition source and how strong the vertical 
flame spread on the high pressure laminate boards mounted to walls and ceiling above the ignition source was, 
leading to a ceiling flame. In such cases, the seats alone did not contain sufficient fuel for the fire to spread 
within the train, and additional fuel (luggage) is required near the seats. For fully developed carriage fires, the 
fire starting on the seat in the corner spread to the opposite seat on the same side of the aisle, then horizontally 
spread to seats on the other side of the aisle, and finally a longitudinal flame spread along the carriage was 
observed. When and where the fire stopped or whether it reached a fully developed stage was mostly depend-
ent on the amount of fire load nearby the ignition source and how strong the vertical flame spread on the high 
pressure laminate boards mounted to walls and ceiling above the ignition source was.

KEYWORDS: Metro; Commuter train carriage; Heat release rate; Flame spread; Flashover; Transportation 
fire
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ABSTRACT: This work is devoted to the development of a small-world network model to predict real-time 
fire spread onboard naval vessels. This model takes into account short-range and long-range connections be-
tween neighboring and remote network compartments. Fire ignition and flashover, as well as fire transmissions 
through the walls and ventilation ducts are simulated using time-dependent normal probability density func-
tions. Mean durations of fire transmission through the walls and ducts are determined by a three-zone model 
and a one-dimensional CFD code, respectively. Specific experiments are conducted in a steel room, represent-
ative of a naval vessel compartment, in order to validate the zone model. Then a proof of concept is developed 
by applying the network model to a full-scale vessel mockup composed of 113 compartments on 7 decks. A 
statistical study is conducted to produce fire risk maps, classifying the vessel compartments according to their 
propensity to burn.

KEYWORDS: Compartment fires; Modeling; Fire growth; Fire spread; Statistics; Risk assessment
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Eleni K. Asimakopoulou, Dionysios I. Kolaitis, Maria A. Founti

Fire Safety Journal,  ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.075

ABSTRACT: In a compartment fire, Externally Venting Flames (EVF) may significantly increase the risk of 
fire spreading to adjacent floors or buildings, especially when combustible insulation materials are installed 
on the building façade. An increasing number of recent reports suggest that existing fire engineering design 
methodologies cannot describe with sufficient accuracy the characteristics of EVF under realistic fire load con-
ditions. In this context, a series of fire safety engineering design correlations used to describe the main EVF 
thermal characteristics, namely EVF centreline temperature and EVF-induced heat flux on the exposed façade 
surface, are comparatively assessed. Towards this end, measurements obtained in a medium- and a large-scale 
compartment-façade fire test are employed; aiming to broaden the scope of the validation study, predictions of 
the investigated correlations are further compared to measurements obtained in 6 large-scale fire tests found in 
the literature. It is found that the correlation proposed in EN1991-1–2 (Eurocode 1) for the estimation of the 
EVF centreline temperature is under-predicting the measured values in large-scale fire tests. In addition, it is 
concluded that estimation of the local flame emissivity should take into account the specific fuel type used in 
each case.

KEYWORDS: Compartment fires; Heat transfer; Externally venting flames; Façade fires; Eurocode
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Temperature and velocity distributions from numerical 
simulations of ceiling jets under unconfined, inclined ceilings 
Prateep Chatterjee, Karl V. Meredith, Yi Wang

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.078 

ABSTRACT: Numerical simulations of ceiling jets under unconfined, inclined ceilings were conducted with 
the open-source code FireFOAM. A range of ceiling inclinations, 0–30° was considered with a 14 kW convec-
tive heat release rate (HRR) heptane fire used as the plume source, and the ceiling mid-point clearance from 
the top of the 0.228 m diameter burner kept fixed at 0.89 m. The predicted temperature and velocity in the de-
veloping ceiling jets were compared against the experimental data and empirical correlations. Temperature and 
velocity predictions on the elevated side of the ceiling are in general agreement with experimental data. Flow 
reversal in the lower side of the ceiling was predicted with good confidence, and comparison with experimental 
data was found to be reasonable. Following existing convention in the literature, the predicted results were 
non-dimensionalized using the convective HRR, ceiling height and radial distance from the ceiling mid-point. 
Comparison of the non-dimensional data on the elevated ceiling side showed better agreement for temperature 
against the correlation, whereas predicted velocity data showed a wider spread around the correlation values.

KEYWORDS: CFD; Heat transfer; Fluid dynamics; Ceiling jet; Inclined ceilings

Predicting the structural response of a compartment fire using 
full-field heat transfer measurements 

Jonathan Hodges, Christian Rippe, Scott W. Case, Brian Y. Lattimer

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.011

ABSTRACT: Inverse heat transfer analysis (IHT) was used to measure the full-field heat fluxes on a small 
scale (0.9 m×0.9 m×0.9 m) stainless steel SS304 compartment exposed to a 100 kW diffusion flame. The 
measured heat fluxes were then used in a thermo-mechanical finite element model in Abaqus to predict the re-
sponse of an aluminum 6061-T6 compartment to the same exposure. Coupled measurements of deflection and 
temperature using Thermographic Digital Image Correlation (TDIC) were obtained of an aluminum compart-
ment tested until collapse. Two convective heat transfer coefficients, h =35 W/m2-K and h =10 W/m2-K were 
examined for the thermal model using the experimentally measured heat fluxes. Predictions of the thermal and 
structural response of the same compartment were generated by coupling Fire Dynamics Simulator (FDS) and 
Abaqus using the two values for h, h =35 W/m2-K and h from convection correlations. Predictions of deflection 
and temperature using heat fluxes from IHT and FDS with h=35 W/m2-K agreed with experimental measure-
ments along the back wall. The temperature predictions from the IHT-Abaqus model were independent of h, 
whereas the temperature predictions from the FDS-Abaqus model were dependent on h.

KEYWORDS: Modeling; Structural response; Compartment fires; Heat transfer; Fluid dynamics; CFD; Heat 
release rate
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Effects of exposed cross laminated timber on compartment 
fire dynamics 

Rory M. Hadden, Alastair I. Bartlett, Juan P. Hidalgo, Simón Santamaria, Felix Wiesner, Luke A. Bisby, 
Susan Deeny, Barbara Lane

Fire Safety Journal,  ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.074

ABSTRACT: A series of compartment fire experiments has been undertaken to evaluate the impact of com-
bustible cross laminated timber linings on the compartment fire behaviour. Compartment heat release rates and 
temperatures are reported for three configuration of exposed timber surfaces. Auto-extinction of the compart-
ment was observed in one case but this was not observed when the experiment was repeated under identical 
condition. This highlights the strong interaction between the exposed combustible material and the resulting 
fire dynamics. For large areas of exposed timber linings heat transfer within the compartment dominates and 
prevents auto-extinction. A framework is presented based on the relative durations of the thermal penetration 
time of a timber layer and compartment fire duration to account for the observed differences in fire dynamics. 
This analysis shows that fall-off of the charred timber layers is a key contributor to whether auto-extinction 
can be achieved.

KEYWORDS: Protection of wood; Fire growth; Compartment fires; Combustible linings

Spectral radiation intensities of a turbulent buoyant ethylene 
flame: CFD-aided tomographic inversion 

Dong Zeng, Marcos Chaos, Yi Wang

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.013

ABSTRACT: Radiation heat transfer has been found to dominate fire spread in large-scale fires. The radiation 
heat loss of buoyant turbulent fires is coupled with fluid mechanics, combustion processes, and soot/gas con-
centrations. Deconvolution of these combined phenomena can facilitate the development of combustion and 
radiation models for use in predictive fire modeling. Therefore, in this work, line-of-sight spectral radiation 
intensities have been measured from a buoyant turbulent pool-fire-like ethylene diffusion flame. In an attempt 
to be representative of practical turbulent fires, a burner of 15.2 cm in diameter was used. Temporal measure-
ments of radiation intensity were obtained with a fast (400 Hz) mid-infrared spectrometer at a horizontal plane 
located at half a burner diameter above the burner. Measurement statistics, including mean, root mean square 
(RMS), probability density function (PDF) of line of sight intensity, and intermittency are reported herein 
for wavelengths dominated by soot and CO2 radiation. The data show that radiation is affected by large-scale 
vortical motions, resulting in varying flame intermittency in the radial direction. Radial distributions of local 
scalar properties (temperature and soot volume fraction) were calculated through tomographic inversion, using 
measured data at multiple soot radiation wavelengths. The inversion technique was coupled with the results 
of a computational fluid dynamics (CFD) fire simulation code. CFD results were used to construct PDFs and 
spatial correlations for the scalars of interest. The estimated scalars are shown to be consistent with values from 
the literature, and mean and RMS radiation intensities computed from these scalars are in good agreement with 
measurements.

KEYWORDS: Flame radiation; Soot; Spectrometer; Inversion
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Fire response of exterior reinforced concrete beam-column 
subassemblages 

Mohammad Mahdi Raouffard, Minehiro Nishiyama

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.054

ABSTRACT: Investigating the structural response of reinforced concrete beam-column sub-assemblies at 
elevated temperatures is the purpose of this paper. This goal was achieved by conducting the ISO-834 standard 
fire test on two identical one-third scaled reinforced concrete beam-column subassemblage test specimens. The 
test specimens, which each consisted of one reinforced concrete cantilever beam anchored at the mid-height 
of a reinforced concrete column, were installed together in a full scale furnace and subjected to downward 
and upward service loads, respectively. The fire compartment fully engulfed the cantilever beams (except the 
beams’ top face and the loading points), the beam-column connections and the lower columns. The fire test 
terminated after 74 min as soon as the tensile longitudinal steel bars of the upward-loaded cantilever beam 
attained the predefined critical temperature 530 °C. The lower columns exhibited partial concrete spalling and 
typical diagonal cracks appeared at the beam-column connections. Based on the recorded internal temperature 
distributions at the joint cores it was found that the material strength loss in the fire had insignificant impact on 
the load bearing mechanism of the joints. On the other hand, the gradual decrease in rotation capacity of the 
beam ends during the fire course considerably influenced the load-deflection relationship. A detailed numerical 
work has been carried out to simulate the response of the test specimens and will be published elsewhere.

KEYWORDS: Reinforced concrete; Structural response; Standard fire test; Exterior beam-column subassem-
blage; Load-bearing mechanism; Bond stress-slip relationship

An experimental study on the temperature and structural 
behavior of a concrete wall exposed to fire after a high-velocity 
impact by a hard projectile

Takeshi Morita, Masuhiro Beppu, Makoto Suzuki

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.023

ABSTRACT: Projectiles, such as turbine blades, can be released in an accident and impact structures. Air-
planes and other flying objects can also become impact projectiles. These impacts occasionally cause fire when 
fire loads, such as oil, fuel, and other combustible materials, are present. This study examines the thermal insu-
lation performance of concrete plates and the structural fire behavior of load-bearing reinforced concrete walls 
that are exposed to fire after a high-velocity impact by a hard projectile. Impact and fire tests were carried out 
using small-scale concrete plates and reinforced concrete walls. The results show the influence of local damage 
and the advantage of short-fiber reinforced concrete subjected to impact loads and fire.

KEYWORDS: High-velocity impact; Hard projectile; Local damage; Reinforced concrete wall; Short-fiber 
reinforcement; Fire resistance; Thermal insulation; Structural fire behavior
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Uncertainty propagation in FE modelling of a fire resistance test 
using fractional factorial design based model reduction and 
deterministic sampling

Kim Olsson, Johan Anderson, David Lange

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.032

ABSTRACT: In this paper, fractional factorial design (FFD) and deterministic sampling (DS) are applied to 
a finite element (FE) model of a fire resistance test of a loaded steel beam, to investigate how uncertainties are 
propagated through the FE model. The sought quantity was the time when the deflection of the beam exceeded 
225 mm. The FFD method was used as a model reduction technique which reduced the number of uncertain 
parameters from 5 to 3. The DS method was compared to a reference Monte Carlo (MC) method of 1000 
simulations from all 5 uncertain parameters, which was the minimum number of simulations in order for the 
statistical moments to converge. The combined FFD and DS method successfully computed the propagation of 
the mean and standard deviation in the model, compared to the MC method. Given the uncertainties in the FE 
model, the fractional factorial design reduced the number of simulations required in the DS method by 82%. 
The combined method of FFD and DS reduced the number of required simulations by 96% compared to the 
MC method. The DS method did not capture the tails of the probability distribution and is therefore not a suit-
able candidate for probabilistic evaluation of the time of failure at the edges of the domain of possible failure 
times. Future research could very well be on improving the tails in DS. However, the DS method provides a 
conservative 95% coverage interval of 6 min for the time to failure of the steel beam.

KEYWORDS: Modelling; Factorial design; Deterministic sampling; Monte Carlo; Statistics; Fire resistance

Behavior of steel-sheathed shear walls subjected to seismic and 
fire loads 

Matthew S. Hoehler, Christopher M. Smith, Tara C. Hutchinson, Xiang Wang, Brian J. Meacham, Praveen 
Kamath

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.021

ABSTRACT: A series of tests was conducted on six 2.7 m×3.7 m shear wall specimens consisting of cold-
formed steel framing sheathed on one side with sheet steel adhered to gypsum board and on the opposite side 
with plain gypsum board. The specimens were subjected to various sequences of simulated seismic shear 
deformation and fire exposure to study the influence of multi-hazard interactions on the lateral load resistance 
of the walls. The test program was designed to complement a parallel effort at the University of California, 
San Diego to investigate a six-story building subjected to earthquakes and fires. The test results reported here 
indicate that the fire exposure caused a shift in the failure mode of the walls from local buckling of the sheet 
steel in cases without fire exposure, to global buckling of the sheet steel with an accompanying 35% reduction 
in lateral load capacity after the wall had been exposed to fire. This behavior appears to be predictable, which 
is encouraging from the standpoint of residual lateral load capacity under these severe multi-hazard actions.

KEYWORDS: Shear walls; Cold-formed steel; Fire following earthquake
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Optimising design decision-making for steel structures in fire 
using a hybrid analysis technique

Obinna Akaa, Anthony Abu, Michael Spearpoint, Sonia Giovinazzi

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.018

ABSTRACT: Steel structures can be protected against the effects of fully-developed fires by the use of sprayed 
on materials, board systems and intumescent paints, etc. or by using sufficiently large unprotected elements. 
This paper presents how optimum decisions for the protection of steel structures in fires can be achieved in a 
performance-based design environment, given conflicting structural fire design decision criteria and multidis-
ciplinary fire design stakeholder views. In particular, a novel hybrid analysis approach is proposed for com-
bining stakeholder views on the different fire protection options and the numerical outcomes of structural fire 
analysis. As for the stakeholder views, reference is made to benefits and costs criteria priorities for assessing 
competing options resulting from a previous study from the same authors. The fire protection structural perfor-
mance is numerically and probabilistically assessed according to a parametric study. The proposed approach 
is exemplified by making reference to a limit state structural fire design of single steel elements. A synthesis 
and ranking technique is then applied to integrate the qualitative results obtained in terms of benefits and costs 
priority scores; and the quantitative measures of failure probabilities and costs for the different fire protection 
options. The results show that the ranking technique accounts for multidimensionality in synthesising the 
structural fire design decision problem. The results also show that intumescent paints and board systems are 
the most cost-effective options in different stakeholder influence scenarios, given a general selection of steel 
structural fire protection. The hybrid technique is proposed to support an optimal and cost-effective structural 
fire design decision-making for buildings in a performance-based design environment.

KEYWORDS: Structural design; Structures in fire; Protection of steel; Fire design stakeholders, Design un-
certainties, Optimum decision-making
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Structural response of a steel-frame building to horizontal and 
vertical travelling fires in multiple floors

Egle Rackauskaite, Panagiotis Kotsovinos, Guillermo Rein

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.018

ABSTRACT: During previous fire events such as the World Trade Centre Towers (WTC) 1, 2 &amp; 7 in 
New York (2001), the Windsor Tower in Madrid (2005), and the Plasco building in Iran (2017), flames were 
observed to travel horizontally across the floor plate and vertically to different floors. Such fires are not consid-
ered as part of the traditional prescriptive structural design for fire. Recently, the Travelling Fires Methodology 
(TFM) has been developed to account for such horizontally travelling nature of fires. A dozen of studies have 
investigated the structural response of steel, concrete, and composite structures to a single-floor travelling fire. 
5 out of 6 of the vertically travelling fire studies have been limited to the structures with a long span composite 
truss system as in the WTC Towers. The aim of this work is to investigate the response of a substantially differ-
ent structural system, i.e. a generic multi-storey steel frame, subjected to travelling fires in multiple floors, and 
varying the number of fire floors, including horizontal and vertical fire spread. A two-dimensional 10-storey 
5-bay steel frame is modelled in the finite element software LS-DYNA. The number of multiple fire floors is 
varied between 1 and 10, and for each of these scenarios, 5 different fire types are investigated. They include 
four travelling fire scenarios and the standard fire. In total, 51 fire simulations are considered. The development 
of deflections, axial forces, bending moments and frame utilization are analysed. Results show that the largest 
stresses develop in the fire floors adjacent to cool floors, and their behaviour is independent of the number of 
fire floors. Results indicate that both the fire type and the number of fire floors have a significant effect on the 
failure time (i.e. exceeded element load carrying capacity) and the type of collapse mechanism. In the cases 
with a low number of fire floors (1–3) failure is dominated by the loss of material strength, while in the cases 
with larger number of fire floors (5–10) failure is dominated by thermal expansion. Collapse is mainly initiated 
by the pull-in of external columns (1–3-floor fires; 1–9-floor fires for 2.5% TFM) or swaying of the frame to the 
side of fire origin (5–10-floor fires). This study has assessed a different structural form compared to previous 
literature under an extensive range of multiple floor travelling fire scenarios. We find that although vertically 
travelling fires result in larger beam axial forces and initial deflections, simultaneous travelling fires result in 
shorter failure times and represent a more onerous scenario for the steel frame investigated.

KEYWORDS: Modelling; Performance-based design; Structural response; Travelling fires
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Impact of melting and burnout of polypropylene fibre on air 
permeability and mechanical properties of high-strength 
concrete

Jaeyoung Lee, Keisuke Terada, Masahiro Yamazaki, Kazunori Harada

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.026

ABSTRACT: This study intends to investigate the impact of high temperature, melting and burnout of Poly-
propylene Fibre (PP fibre) on mechanical properties, pore size distribution and air permeability of high strength 
concrete. The specimens were high-strength concrete with 120 MPa strength produced with a water-binder ra-
tio of 20%. To examine the effects of melting and burnout of the PP fibre, the experiment was conducted using 
two mixtures. One mixture contained 1.5 kg/m3 of PP fibre, while the other did not contain any PP fibre. Heat-
ing temperatures were set to room temperature (RT), 120, 200, 300 and 400 °C, considering the temperatures 
for the melting and burnout of the PP fibre. After heating and cooling, compression tests were carried out on the 
concrete specimens to measure the modulus of elasticity and Poisson's ratio. Pore size distribution was meas-
ured using the fragments created by the compression tests. Air permeability was estimated by measuring the 
pore size distribution. It was found that melting and burnout of the fibre did not affect the compressive strength 
and modulus of elasticity but the Poisson's ratio of the specimens containing fibres increased at 400 °C. The 
effect of melting and burnout of fibre on pore volume and air permeability is quite small. If it is assumed that 
micro-cracks affected the air permeability, it is expected that high strength concrete with a large fibre content 
should create many micro-cracks at high temperature, leading to an increase of air permeability.

KEYWORDS: High strength concrete; High temperature; Polypropylene fibre; Pore size distribution; Air 
permeability; Mechanical properties

Modeling post-fire behavior of aluminum structural 
components using a maximum temperature approach

Christian Rippe, Scott Case, Brian Lattimer

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.041

ABSTRACT: Aluminum alloys exhibit permanent degradation of material strength subsequent to reaching 
temperatures above 200 °C. While modeling of aluminum structural components during fire is becoming more 
heavily researched, modeling response of aluminum structures following fire events has still not been ex-
plored. Previous research suggests that the post-fire strength of AA6061 is heavily correlated to the maximum 
temperature reached during the fire. This research uses the maximum exposure temperature as an input to finite 
element simulations of a small scale aluminum beam to predict the post-fire behavior of the beam. Results 
of the simulations were compared to a set of post-fire thermo-mechanical experiments. Samples were heated 
using a radiative source, water quenched, and then loaded to failure in a four point bending configuration. The 
simulated thermal response of the aluminum was within 10% of measured values across the entire side of the 
beam. Prediction of the unexposed mechanical response was within 5% of experimentally measured response. 
The post-fire peak bending load from simulations generally over-predicted the experimentally measured value 
while predictions of the flexural stiffness were within 15% of experimental results.

KEYWORDS: Post-fire; Structural response; Aluminum; Finite element; Abaqus
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A critical review of “travelling fire” scenarios for 
performance-based structural engineering 

Xu Dai, Stephen Welch, Asif Usmani

Fire Safety Journal, ISSN  0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.001

ABSTRACT: Many studies of the thermal and structural behaviour for large compartments in fire carried 
out over the past two decades show that fires in such compartments have a great deal of non-uniformity (e.g. 
Stern-Gottfried et al. [1]), unlike the homogeneous compartment temperature assumption in the current fire 
safety engineering practice. Furthermore, some large compartment fires may burn locally and tend to move 
across entire floor plates over a period of time. This kind of fire scenario is beginning to be idealized as travel-
ling fires in the context of performance-based structural and fire safety engineering.
This paper presents a literature review of the travelling fire research topic and its state of the art, including both 
the experimental and theoretical work for the past twenty years. It is found that the main obstacle of developing 
the travelling fire knowledge is the lack of understanding of the physical mechanisms behind this kind of fire 
scenario, which requires more reasonable large scale travelling fire experiments to be set up and carried out. 
The demonstration of the development of a new travelling fire framework is also presented in this paper, to 
show how current available experimental data hinder the analytical model development, and the urgent need 
that the new travelling fire experiments should be conducted.

KEYWORDS: Structural fire design; Travelling fires; Compartment fires; Performance-based design

Determination of fire resistance ratings for glulam connectors 
within US high rise timber buildings 

David Barber

Fire Safety Journal, ISSN  0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.028

ABSTRACT: Multi-storey mass timber buildings constructed with cross laminated timber and glulam are be-
ing developed globally. Where engineered timber such as glulam is utilized, the column to beam connections 
need to be constructed with a fire resistance rating equal to that of the connecting members. The preferred 
glulam connectors are either a concealed steel plate with bolts and dowels; or a concealed proprietary screw-
in sleeve type connector. The fire resistance of connectors for glulam members is an unresolved design issue, 
as there is no clear methodology to assess their capacity under fire, when the timber is exposed and not clad 
behind fire protective plasterboard. There is limited fire test data on concealed connectors under shear forces, 
which is the normal loading condition within a constructed building. Fire test data is also limited on full-size 
specimens. Correlations developed to date to calculate concealed connector fire resistance have only limited 
application.
A methodology for the design of glulam beam to column connections has been developed based on an exten-
sive literature review, examining the key issues for connection failure. It has been determined that char rate 
for the timber at the connection needs to be increased above the normally accepted design values, due to the 
influence of the steel connectors. Secondly, the reduction in timber strength behind the char layer needs to be 
accounted for, by including a greater depth of reduced strength and stiffness timber, such that the connection 
can effectively transfer the applied forces through the timber to the steel connector. The methodology detailed 
within this paper provides a simple approach to evaluate the timber cover to the concealed steel connector, 
where the timber strength and stiffness are effective.

KEYWORDS: Tall timber buildings; Fire safety; Connections; Performance based design
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Influence of the particle injection rate, droplet size distribution 
and volume flux angular distribution on the results and 
computational time of water spray CFD simulations

Tarek Beji, Setareh Ebrahim Zadeh, Georgios Maragkos, Bart Merci

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.040

ABSTRACT: The paper presents a detailed sensitivity analysis on the volume flux probability density func-
tion (PDF) to represent water spray patterns with computational fluid dynamics (CFD). The effects of the tur-
bulent viscosity model and the cell size are also investigated. The test case considered herein is a 30 ° full cone 
water mist spray emerging from a nozzle that operates at a pressure of 750 kPa and delivers a water flow rate 
of 0.084 lpm. The errors solely induced by the limited number of computational droplets per second, Np, are 
proportional to 1/ pN

  
and could reach up to 35%. The computational time generally increases linearly with 

Np. The paper illustrates also the better numerical performance of the lognormal-Rosin-Rammler droplet size 
distribution over the Rosin-Rammler distribution, especially in terms of reaching a converged volume-median 
diameter with increased Np. Furthermore, a uniform angular distribution is shown to provide results in better 
agreement with experimental data than a Gaussian-type distribution for the case at hand. For a sufficiently fine 
grid, the dynamic Smagorinsky and the modified Deardorff models converge to similar radial profiles of the 
water volume flux at 300 mm from the nozzle, with a deviation of less than 6% from the experiments. The 
deviations for the volume-median diameter are about 50% in the core region of the spray.

KEYWORDS: CFD; Modelling; Suppression
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Physical scaling of water mist fire extinguishment in industrial 
machinery enclosures 
Hong-Zeng Yu, Xiangyang Zhou, Jonathan Carpenter

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.033

ABSTRACT: Froude-based scaling relationships had previously been theoretically extended to, and experi-
mentally validated in the laboratory for, water mist suppression of fires in open environment and in enclosures, 
which were shown applicable to gas, liquid and solid combustible fires. Before applying these relationships 
to real-world settings, their applicability needs to be further evaluated for the intended protection. This paper 
presents such an evaluation on scaling water mist fire extinguishment in an industrial machinery enclosure. In 
this evaluation exercise, a full-scale water mist protection set-up tested for a 260-m3 machinery enclosure was 
selected as the benchmark. A ½-scale machinery enclosure test replica was then constructed, together with a 
½-scale nozzle whose orifices were geometrically similar to those of the full-scale nozzle. Spray measurements 
indicated that the ½-scale spray closely met the scaling requirements, in terms of discharge K-factor, water 
mist flux, droplet velocity and droplet size distribution. Two spray fires and one pool fire, which were scaled 
with the respective full-scale fires, were used to challenge the water mist protection in the ½-scale enclosure. 
At least five replicated tests were conducted for each of the four tested fire scenarios. Overall, the instantaneous 
local gas temperature and oxygen concentration measured inside the ½-scale enclosure for each fire scenario 
agreed reasonably well with those measured at the corresponding locations inside the full-scale enclosure, 
meeting Froude modeling's requirement that scalar quantities be preserved in different scales. The fire extin-
guishment times obtained from the ½-scale tests for each fire scenario were also statistically consistent with 
that observed in the corresponding full-scale test. Based on the obtained results, it is concluded that, for ma-
chinery enclosures and other similar occupancies, the previously laboratory-validated scaling relationships for 
water mist fire suppression can be used to determine the fire extinguishing performance of a full-scale water 
mist protection in a ½-scale test facility.

KEYWORDS: Physical scaling; Water mist; Machinery enclosure; Fire extinguishment

An experimental study of complex fuel burning behavior with 
water application 

Xiangyang Zhou

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.031

ABSTRACT: This work reports a series of small-scale experiments conducted to characterize the burning be-
havior of selected complex fuels with water application. The main objective of this work is to provide suitable 
data for the development and validation of fire suppression sub-models for commodities with multiple fuels 
and complex geometry (complex fuels). The water transport process and burning behavior of two represent-
ative complex fuels are examined using three fuel surface conditions including a regular-closed face (CF), a 
side-open face (SF) and a top-side-open surface (TF). The fuels are exposed to two water application rates at 
three different water application times with respect to ignition. The results of water collection rates under no 
fire condition show that the water transport is delayed in the open surface cases (SF and TF). In the free-burn 
experiments, the surface conditions are shown to have little impact on the fire growth rates. The results of 
the fire suppression experiments show that the water application time has the most significant impact on con-
trolling the fire, and that the open-surface conditions tend to adversely affect the suppression outcome.

KEYWORDS: Fire growth; Suppression; Complex fuel; Water application
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Electrically controlled dynamic sprinkler activation: 
Computational assessment of potential efficiency

Leonid Tanklevskiy, Anna Tsoy, Alexander Snegirev

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.019

ABSTRACT: Electrically controlled dynamic sprinkler activation is the novel technology of managing large 
automatic fire suppression systems that offers considerable potential advantages over conventional (thermal) 
sprinkler activation. It is designed to reduce the sprinkler response time, to ensure sprinkler activation in case 
of high ceiling clearance, and it can also be used for dynamic group activation enabling flexible response to 
the actual fire pattern and preventing the fire spread beyond the area protected by the group. Since the practical 
experience of using the new sprinkler activation algorithms is yet to be elaborated, this work attempts com-
putational evaluation of the group enforced activation efficiency. Fire suppression dynamics is compared for 
a growing fire source impacted by the automatic sprinkler systems of two types: with conventional (thermal) 
and new (group enforced) activation algorithms. The effects of ceiling clearance, water flow rates, spray refine-
ment, and of the horizontal airflow are examined.

KEYWORDS: Sprinkler; Suppression; Water spray; Fire growth; Heat release rate

Effects of storage height on critical delivered flux of 
representative fuels

Yibing Xin

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.044

ABSTRACT: Fire suppression experiments were conducted to determine the critical delivered fluxes (CDFs) 
of representative fuels. The objective was to evaluate the CDF-based commodity classification for sprinkler 
protection purposes with emphasis on the effects of storage height. The experiments were carried out in 2- and 
5-tier double-row, rack storage configurations, which, together with previous 3-tier work, provide a complete 
set of CDF measurements at different storage heights. The experimental results show that the 5-tier CDFs 
correlate well with full-scale sprinkler testing experiences. The comparison of CDFs also reveals the storage 
height effects for different fuels: the CDF values scale linearly for the cartoned commodities, while nonlinear-
ities are observed for the uncartoned plastic commodities. Based on these results, a commodity classification 
method is proposed to assess solid combustible materials in the real world with separate treatment of cartoned 
and uncartoned fuels.

KEYWORDS: Fire Suppression; Commodity Classification; Sprinkler; Heat Release Rate
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ABSTRACT: This study investigates roll paper fire using laboratory-scale experiments, with emphasis on 
water transport on burning surfaces for sprinkler suppression. Freeburn, water transport and suppression ex-
periments were conducted using different types of paper with various basis weight and water absorptivity. For 
fire suppression, the experimental results showed different water transport patterns that are sensitive to the 
burning surface conditions. This is in contrast to the water transport under no fire conditions in straight vertical 
rivulets exhibiting highly non-uniform distribution along the roll perimeter. For roll paper fire growth, both 
surface delamination and exfoliation play a crucial role, with the delamination length increasing either linearly 
or exponentially with time and the exfoliation rates strongly dependent on paper basis weight. Although the 
effects observed at the small scale in this work may have differences from those at large scales, the experi-
mental results yield insights for better understanding of fire growth and suppression mechanisms and provide 
extensive data for numerical model development and validation.

KEYWORDS: Roll paper; Fire suppression; Fire growth; Water transport; Heat release rate

Development and evaluation of two new droplet evaporation 
schemes for fire dynamics simulations 

Jason Floyd, Randall McDermott

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.036

ABSTRACT: The evaporation of sprinkler droplets is an important phenomenon in fire simulations both 
for heat removal from the gas and for heat removal from surfaces. In this paper, we address the problems of 
potential numerical instability and super-saturation that may occur in explicit time integration of the droplet 
equations. Two novel numerical approaches are developed and evaluated. The first is based on an analytical 
solution that relaxes the cell composition and temperature toward the equilibrium values. The second method 
is an implicit solution to the droplet equations. The two approaches are implemented in the Fire Dynamics 
Simulator (FDS) and verified and validated using both single droplet and practical sprinkler calculations. Ulti-
mately, the implicit approach is deemed the most cost effective for practical fire simulations.

KEYWORDS: FDS; Droplet evaporation; Sprinklers; Watermist
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fluorine-free firefighting foams 
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ABSTRACT: A flux chamber was designed to measure the transient fuel transport through a foam layer before 
significant degradation of foam occurred. The fuel transport rate through AFFF (fluorinated foam) was much 
slower than through RF6 (fluorine-free foam) with break-through times being 820 s and 276 s respectively over 
n-heptane. The fuel flux through AFFF covering three fuel pools (n-heptane, iso-octane, and methyl-cyclohex-
ane) was also measured. AFFF had the smallest flux over iso-octane with a break-through time over 1900 s 
and the highest flux over methyl-cyclohexane with a break-through time under 80 s even though the fuels have 
similar vapor pressures at room temperature. Despite the lack of aqueous film formation on an iso-octane fuel 
pool, the fuel vapor flux through AFFF was much smaller relative to the methyl-cyclohexane pool, which en-
ables film formation due to its higher surface tension than iso-octane. Our measurements of transient fuel flux 
show that the foam layer is a significant barrier to fuel vapor transport. The data suggest a transient mechanism 
based on the suppression of fuel adsorption onto bubble lamellae surfaces due to the oleophobicity of fluoro-
carbon surfactants, which is consistent with fuel solubility data. This suggests that surfactants that suppress 
fuel adsorption and solubility into bubble lamellae surfaces may reduce fuel transport through foams.

KEYWORDS: Fire suppression; Fuel transport; Fluorinated foams; Fluorine-free foams; Film formation; 
Solubility

Measuring modified glass bulb sprinkler thermal response in 
plunge and compartment fire experiments

Kevin Frank, Michael Spearpoint,Greg Baker, Colleen Wade, Peter Collier, Charles Fleischmann

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.017

ABSTRACT: Automatic fire sprinklers use a heat sensitive element such as a glass bulb or fusible link to 
respond to the heat from a fire. The response of commercial fire sprinkler glass bulbs has been extensively 
characterised in convection-dominated dry gas flows but in real fires there may be more factors that influence 
the heat transfer to the bulbs such as radiation from the fire or cooling from adjacent sprinkler sprays. The time 
of activation is the only indication of the thermal response of typical commercial fire sprinklers using glass 
bulbs to a fire, but direct temperature measurement using a modified proxy may provide a better understand-
ing of how sprinklers respond in a complex environment. Modified glass bulbs have been created that allow a 
thermocouple to be inserted in the bulb for direct temperature measurement. In this paper, the thermal response 
of sprinklers with these modified bulbs has been observed in hot-air wind tunnel plunge experiments and full 
scale room fire experiments. At the time of activation the measured temperature of the modified sprinklers was 
found to be higher than the nominal activation temperature specification for the unmodified sprinklers. For the 
compartment fires, a thermal response model generally predicted longer sprinkler activation times based on 
ceiling jet temperature and velocity measurements than was observed experimentally.

KEYWORDS: Sprinklers; Detection; Heat transfer; Compartment fires
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ABSTRACT: Peatland fires remain a major contributor of environmental problems in Indonesia. Several 
studies on peat fire suppression have been conducted with multiple methods, such as quarrying, water spray, 
artificial rain, and foam spray. This research is focused on laboratory scaled experiments of Indonesian peat 
smoldering fire behaviour and suppression by a water mist system. The peat used in this work was obtained 
from two different locations, namely Papua and South Sumatra, Indonesia. During the suppression tests, the 
intensity of the water mist spray was varied by changing the distance between the nozzle and the peat surface. 
Meanwhile, the time periods of spray were 15 min (short period of suppression) and approximately 2 h for full 
suppression until the peat fire was extinguished. The peat temperature and the total mass lost during the smold-
ering reaction were recorded to get the burning rate ratio for each sample. The spread rate of the smoldering 
process was identified by the changes in the local temperatures of the peat bed. The results show that the spread 
rate of the smoldering combustion front was affected by particle size and permeability of peat material. The 
short duration of water suppression failed to extinguish the peat fires. A re-ignition phenomenon was identified 
due to the persistence of stored heat in the core of the peat. In addition, the total water required to fully suppress 
both peat fires is about 6 L/kg peat.

KEYWORDS: Smoldering; Peat fire; Water mist; Fire suppression
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ABSTRACT: Fire suppression with water spray was investigated, focusing on cases where fuel cooling is the 
dominant suppression mechanism, with the aim to add a specific suppression model addressing this mechanism 
in Fire Dynamics Simulator (FDS), which already involves a suppression model addressing effects related to 
flame cooling. A series of experiments was selected, involving round pools of either 25 or 35 cm diameter and 
using both diesel and fuel oil, in a well-ventilated room. The fire suppression system is designed with four noz-
zles delivering a total flow rate of 25 l/min and injecting droplets with mean Sauter diameter 112 μm. Among 
the 74 tests conducted in various conditions, 12 cases with early spray activation were especially considered, 
as suppression was observed to require a longer time to cool the fuel surface below the ignition temperature. 
This was quantified with fuel surface temperature measurements and flame video recordings in particular. A 
model was introduced simulating the reduction of the pyrolysis rate during the water spray application, in re-
lation to the decrease of the fuel local temperature. The numerical implementation uses the free-burn step of 
the fire to identify the relationship between pyrolysis rate and fuel surface temperature, assuming that the same 
relationship is kept during the fire suppression step. As expected, numerical simulations reproduced a sharp 
HRR decrease following the spray activation in all tests and the suppression was predicted in all cases where it 
was observed experimentally. One specific case involving a water flow rate reduced such that it is too weak to 
allow complete suppression was successfully simulated. Indeed, the simulation showed a reduced HRR but a 
fire not yet suppressed. However, most of the tests showed an under-estimated duration before fire suppression 
(discrepancy up to 26 s for a spray activation lasting 73 s), which demonstrates the need for model improve-
ment. In particular the simulation of the surface temperature should require a dedicated attention. Finally, when 
spray activation occurred in hotter environments, probably requiring a combination of fuel cooling and flame 
cooling effects, fire suppression was predicted but with an over-estimated duration. These results show the 
need for further modeling efforts to combine in a satisfactory manner the flame cooling model of FDS and the 
present suggested model for fuel cooling.

KEYWORDS: Modeling; Suppression; Water spray; CFD
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ABSTRACT: Computations of cup-burner flames in normal gravity have been performed using propane as the 
fuel to reveal the combustion inhibition and enhancement by the CF3Br (halon 1301) and potential alternative 
fire-extinguishing agents (C2HF5, C2HF3Cl2, and C3H2F3Br). The time-dependent, two-dimensional numerical 
code used includes a detailed kinetic model (up to 241 species and 3918 reactions), diffusive transport, and a 
gray-gas radiation model. The peak reactivity spot (i.e., reaction kernel) at the flame base stabilizes a trailing 
flame, which is inclined inwardly by a buoyancy-induced entrainment flow. As the volume fraction of agent 
in the coflow increases gradually, the premixed-like reaction kernel weakens, thus inducing the flame base 
detachment from the burner rim and blowoff-type extinguishment eventually. The two-zone flame structure 
(with two heat-release-rate peaks) is formed in the trailing diffusion flame. The H2O formed in the inner zone is 
converted further, primarily in the outer zone, to HF and CF2O through exothermic reactions most significantly 
with the C2HF5 addition. The total heat release of the entire flame decreases (inhibiting) for CF3Br but increases 
(enhancing) for the halon alternative agents, particularly C2HF5 and C2HF3Cl2. Addition of C2HF5 results in 
unusual (non-chain branching) reactions.

KEYWORDS: Aircraft cargo-bay fire suppression; Halon 1301 replacement; Numerical simulation; Diffu-
sion flame stabilization; Reaction kernel

Large-scale fire suppression modeling of corrugated cardboard 
boxes on wood pallets in rack-storage configurations

Ning Ren, Jaap de Vries, Xiangyang Zhou, Marcos Chaos, Karl V. Meredith, Yi Wang

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.008

ABSTRACT: In this study, the fire growth and suppression models in FireFOAM were validated for rack-stor-
age commodities consisting of two solid fuels, namely corrugated cardboard boxes and hardwood pallets, 
which are referred to as Class 2 commodity. Validation experiments included two fire-growth and two fire-sup-
pression configurations with different rack-storage array heights (3 and 5 tiers). In the suppression study, stand-
ard-response upright ceiling sprinklers (K-factor of 160 lpm/bar1/2) were used. The time-resolved chemical 
heat release rates obtained from the experiments were used to validate the fire growth model. The observed 
sprinkler activations and fire-spread patterns were used to validate the suppression model. This study identified 
that lateral flame spread is primarily enabled by flames impinging on the commodity’s bottom surfaces. This 
study also showed that obstructions, such as wood pallets, can significantly impede convective and radiative 
heat transfer to the underside of the commodity, reducing the lateral flame spread rate. Fire-suppression mod-
eling revealed that both surface water transport and lateral flame spread rates are important when predicting 
fire-suppression behavior. Therefore, as the rack-storage array height increases, so does the water transport 
time, which results in the fire becoming more difficult to control. Likewise, as the lateral spread rate increases, 
e.g., as occurs in the absence of wood pallets, fire-suppression also becomes more difficult.

KEYWORDS: CFD; FireFOAM; Fire growth; Suppression
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ABSTRACT: The present study seeks to measure suppression effects in a canonical experimental configu-
ration, featuring the exposure of a buoyant, turbulent, methane-fueled diffusion flame to a co-flowing oxi-
dizer laden with a fine water mist (Sauter mean diameter of 6.6 µm). The carefully designed facility features 
well-characterized inlet and boundary conditions suitable for accurate representation in numerical simula-
tions. Suppression performance is monitored via combustion efficiency (ηcomb), measured using species-based 
calorimetry techniques. As the mass fraction of water mist in the oxidizer ( )ox

wmY  is increased, visible flame 
emissions are reduced due to diminishing soot incandescence coupled with a reduction in visibility due to Mie 
scattering effects in the mist. Global flame extinction is observed at 0.093ext

wmY = , a condition corresponding 
to 44% less water mass in the oxidizer than required for extinction due to dilution effects alone, suggesting 
that significant latent cooling effects contribute to the observed extinction limit. Despite visually observed sup-
pression effects, ~ 1combη ≈  across all tested ox

wmY , decreasing abruptly only at the extinction limit. Numerical 
simulations of the experiments are conducted using FireFOAM, an open source large eddy simulation solver 
incorporating a flame extinction model based on a critical Damköhler number and a flame reignition treatment 
based on a critical flame temperature. Though numerical results show qualitative agreement with the observed 
extinction behavior, the simulated extinction limit of 0.20ext

wmY =  significantly exceeds that measured in the 
experiment, but is itself consistent with an extinction limit due only to dilution effects.

KEYWORDS: CFD; Combustion efficiency; FireFOAM; Suppression; Water mist
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ABSTRACT: Fire suppression using automatic fire sprinklers is tremendously successful in reducing loss of 
life and property in the event of a fire. With the increasing computing power available, as well as the spread of 
performance-based design methods, the ability to accurately model spray dispersion and suppression is desir-
able. In this study, experiments were conducted to quantify spray dispersion and spray-plume interactions for 
model validation. Numerical simulations of these spray interactions were performed using FireFOAM. These 
simulations were distinguished by the use of comprehensive highly-resolved initial spray measurements to 
generate the numerical spray. The experimental Sprinkler Array Facility (SAF) used in this study consisted of 
a centrally located, well-characterized, forced air jet (simulating the updraft from a real fire plume) providing 
a challenge to the spray. Reliable model boundary conditions were established from detailed measurements of 
the air jet injection velocities and detailed measurements of the initial spray using the Spatially-resolved Spray 
Scanning System (4 S). Measurements of volume flux as well as optical measurements of drop size and veloc-
ity were obtained at various locations within the air jet. Four flow conditions were investigated with the intent 
of providing model validation data; close and far sprinkler spacing, each with quiescent air and strong jet con-
ditions. The strong jet was capable of overwhelming the smallest drops within the spray, reversing their direc-
tion, and reducing the volume flux at the floor. Computational simulations (informed by detailed initial spray 
measurements) demonstrated good agreement with the spray dispersion and plume penetration experiments.

KEYWORDS: Fire sprinklers; Suppression; Shadowgraphy; Modeling; CFD; Validation

Spatially-resolved spray measurements and their implications 
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ABSTRACT: Fire sprinkler manufacturers have developed a great variety of application specific sprinkler de-
signs. Advances in product development practices, performance based design, risk analysis, and fire suppres-
sion research have increased stakeholder interest in quantifying the spray produced by these devices. These 
sprinkler spray patterns consist of complex spatio-stochastic features originating near the sprinkler head. A 
Spatially-resolved Spray Scanning System (4S) has been developed to capture the complete spatio-stochastic 
nature of the spray at its point of origin for documentation and analysis. The 4S synthesizes spray meas-
urements, transport analysis, and statistical representation frameworks providing high-fidelity spray charac-
teristics suitable for evaluation of component-level performance (e.g. sprinkler spray pattern uniformity) or 
system-level performance (e.g. fire suppression system simulations). Each sprinkler’s unique spray pattern is 
captured through optical and mechanical probing of the spray over a measurement (or initialization) surface 
close to the sprinkler head (0.4−0.8 m) and analyzing local drop characteristics (e.g. drop size, velocity, and 
volume flux). These high-fidelity 4S spray measurements consisting of terabyte scale data densities present 
remarkable challenges with regard to data management, test repeatability, and test timing. These challenges are 
addressed through integration of automation, flow control, data acquisition, and data analysis systems. Spatial-
ly-resolved sprinkler spray measurements are presented providing insight into the sprinkler spray patterns and 
their connection with deflector geometry. Comparisons between far-field spray dispersion measurements and 
simulations initialized with 4S measurements demonstrate unprecedented agreement further highlighting the 
value of spatially-resolved sprinkler measurements for modern suppression analysis.

KEYWORDS: Suppression; Sprinklers; Spray measurement
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ABSTRACT: In this study, we have investigated an extinguishing method of a diffusion flame with water 
vapor produced from a water droplet impacting onto a headed plate, which is called as indirect fire attack. 
In order to clarify the extinguishing characteristics, the extinguishing experiments of a methane-air diffusion 
flame have been performed by using a pure water droplet with the diameter of 3.2 mm. The droplet dropped 
from the height of 400 mm. The wall superheat and the burner height were varied from 0 K to 330 K and from 
32 mm to 102 mm, respectively. As a result, under certain wall-heat conditions, the water-vapor vortex ring 
is formed and visualized by the white water fog. At wall superheat of 150 K, the formation probability of the 
vortex ring is unity and the extinguishing probability always shows the peak values regardless of the burner 
height. As a result, it can be said in our study that the wall superheat of 150 K is the most effective value for 
the indirect extinguishing method.
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ABSTRACT: Streaklike coherent structures are consistently observed in boundary layer flames, but their role 
in modifying heat and mass transfer remains unknown. In the following experiment, a non-reactive thermal 
plume was employed to study analogous streaks in an environment where the local source of buoyancy could 
be directly modified. A horizontal hot plate was exposed to crossflow, and infrared thermography was success-
fully employed to capture thermal traces of streaks on the surface. Post-processing of surface temperature data 
enabled the quantification of important properties of streaks, such as location, spacing, width, and strength. 
The distribution of streak spacing was found to have a lognormal distribution. Mean streak spacing and width 
increased with downstream distance, indicating the amplification and aggregation of coherent structures. 
Streak spacing decreased when either the hot plate temperature increased from 150 °C to 300 °C or the wind 
speed increased from 0.5 to 1.2 m/s. Streaks were seen to modify the spanwise distribution of heat transfer to 
the surface, most notably when the hot plate temperature was increased from 150 °C to 300 °C.

KEYWORDS: Heat transfer; Wildfires; Flame spread; Boundary layer; Coherent structure; Streak; Infrared; 
Thermography
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ABSTRACT: Experiments were conducted to study the intermittent extension of flames from wind-driven 
line fires using stationary burners. These fires are thought to share similar features with propagating wildland 
fires, where forward pulsations of flame have been observed to quickly ignite material far ahead of the mean 
flame front. However, stationary burners offer the ability to study the movement of the flame and its heating 
processes in greater detail than a spreading fire. In these stationary experiments, propane gas was used as a 
fuel with different burner sizes, 25–30 cm wide and 5–25 cm long in the direction of the flow. A specially-built 
wind tunnel was used to provide a well-characterized laminar flow for the experimental area. The free-stream 
flow velocity, measured by a hot-wire anemometer, ranged in the experiments from 0.2 to 2.7 m/s. The shape 
of the flame was measured using a high-speed video camera mounted perpendicular to the apparatus. A method 
was developed to track the extension of the flame close to the surface, simulating flame contact with unburnt 
fuel downstream of the fire. This extension length was then measured frame by frame and frequencies of flame 
presence/absence determined as a function of downstream distance. The location of maximum pulsation fre-
quency, xmax, for each burner/wind configuration, was obtained using a level-crossing approach (essentially the 
variable-interval time-average (VITA) method). Further study indicates that xmax can be well estimated using 
mean flame properties. Probability distributions describing the location of the flame over time also showed 
that, the probability the flame extends far beyond the mean flame front is sensitive to increasing ambient winds 
and fire size.

KEYWORDS: Wind-driven fires; Intermittent heating; Forward pulsation; Flame extension
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ABSTRACT: A three-dimensional physics-based model was used to investigate the effect of shrub size, shrub 
separation distance and wind on the burnout times of shrubs. The shrub considered for this study was chamise. 
Two shrub sizes with different physical dimensions and initial masses with two wind speeds were considered. 
The study was performed for an array of three shrubs with separation distances ranging from zero to one shrub 
diameter. The shrubs were situated at the vertices of an equilateral triangle with two shrubs placed upwind 
(upstream shrubs) of the third shrub (downstream shrub). For a smaller shrub and a higher wind speed, the 
direction of fire front propagation within the shrub was found to be opposite to the direction of the wind, which 
resulted in a longer burning time for the shrub. For larger shrubs, a decrease in burning time was observed with 
an increase in wind speed. The burnout time for upstream shrubs increased with an increase in shrub separation 
distance for all shrub sizes and wind speeds considered. The burnout time for the downstream shrub was found 
to decrease with an increase in the separation distance, reach a minimum, and then increase with an increase 
in separation distance. The trends observed in burnout times for downstream shrub were attributed to the bal-
ance between heat feedback into the downstream shrub from the flames in upstream shrubs and availability of 
sufficient oxygen for combustion to take place.
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ABSTRACT: The general objective of this research is to develop a prototype data-driven wildland fire spread 
simulator, called FIREFLY, using an ensemble-based data assimilation approach with the objective to forecast 
the location and speed of the fire. The specific focus of the present study is on evaluating the new features of 
FIREFLY at field scale in a controlled grassland fire experiment known as FireFlux I. FIREFLY features the 
following components: an Eulerian front-tracking solver that treats the fire as a propagating front and uses 
Rothermel’s model for the rate of spread (ROS); a series of observations of the fire front position (based here 
on high-resolution fireline data previously generated by validated numerical simulations); and a data assim-
ilation algorithm based on an ensemble Kalman filter configured in a parameter estimation mode to address 
model bias and uncertainties in the input data to the ROS model. In this work, FIREFLY is modified to allow 
for an estimation of spatially-distributed surface wind speed and direction. To generate a reliable ensemble 
and ensure an accurate correction, the ensemble Kalman filter requires sampling truncated probability density 
functions as well as localizing, i.e., dynamically selecting the areas where the wind parameters are corrected. 
Results show that the spatialized parameter estimation approach allows for a successful reconstruction of ob-
served fireline position and shape as well as a substantial improvement in the forecast performance compared 
to the standalone fire spread model. Results also show that the inferred wind parameters may not be accurate 
and should be viewed as effective values that incorporate multiple sources of uncertainties. Developing a bet-
ter representation of fire-wind interactions is thus viewed as a key aspect to improve the FIREFLY forecast 
capability.
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ABSTRACT: This work presents, and demonstrates through application to California, a data-driven method-
ology that can be used to identify areas at elevated risk of experiencing wildland fires capable of causing large-
scale structure loss. A 2D Eulerian level set fire spread model is used as the computational engine for Monte 
Carlo simulation with ignition points placed randomly across the landscape. For each randomly-placed igni-
tion point, wind and weather conditions are also selected randomly from a 10-year climatology that has been 
developed by others using the Weather Research and Forecasting (WRF) mesoscale weather model at a reso-
lution of 2 km. Fuel and topography inputs are obtained from LANDFIRE. Housing density is estimated from 
2010 Census block data. For each randomly-selected combination of ignition location and wind/weather, fire 
progression is modeled so that fire area and number of impacted structures can be recorded. This is repeated for 
over 100 million discrete ignition points across California to generate “heat maps” of fire probability, fire con-
sequence, and fire risk. In this work, fire volume (spatial integral of burned area and flame length) is used as a 
proxy for fire probability since quickly spreading fires with large flame lengths are most likely to escape initial 
attack and become extended attack fires. Fire consequence is taken as the number of impacted structures. Fire 
risk is then estimated as the product of probability and consequence. The methodology is assessed comparing 
the resultant fire risk raster with perimeters from California's 20 most damaging fires as tabulated by the Cali-
fornia Department of Forestry and Fire Protection (CALFIRE). It is found that these historical perimeters from 
damaging fires correlate well with areas identified as high risk in the Monte Carlo simulation, suggesting that 
this methodology may be capable of identifying areas where similarly damaging fires may occur in the future.
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Verification of a Lagrangian particle model for short-range 
firebrand transport 
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Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.019

ABSTRACT: Firebrands are a harbinger of damage to infrastructure; their effects cause a particularly impor-
tant threat to people living within the wildland-urban-interface. Short-range firebrands travel with the wind 
with little or no lofting, and cause spotfires. In this work, the design of a novel firebrand generator prototype is 
discussed to achieve a uniform shower of firebrands. The transport of short-range firebrand is studied to verify 
the existing Lagrangian particle model of Fire Dynamics Simulator. Uniform, non-combusting cubiform and 
cylindrical firebrands are projected using the firebrand generator. The experimentally observed distribution of 
particles on the ground is compared with a simulated distribution using the fire dynamic simulator. The results 
show that the existing Lagrangian model gives a good agreement with the experimental data.

KEYWORDS: Short-range firebrands; Lagrangian particles; Fire Dynamics Simulator (FDS)
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ABSTRACT: Firebrand ignition of structures is a major factor in large outdoor fire spread. Standard labora-
tory test methods are required to evaluate and compare the performance of different building elements and/or 
vegetative fuels ability to resist firebrand ignition. It is important to determine full-scale assembly performance 
when exposed to firebrand showers since weak points in a given assembly can be investigated. Such studies 
will lead to determining the necessary configuration of building component mock-ups that can be used in 
standard laboratory test methods. The basis of this paper is to present a comparison of results from full-scale 
roofing assembly experiments, to mockups using the recently developed experimental capability at National 
Research Institute of Fire and Disaster (NRIFD). The results demonstrated that similar firebrand penetration 
behavior/trends were observed for mock-ups of full-scale roofing assemblies, as compared to experiments 
where full-scale roofing assemblies were used, all under similar wind speeds. The experimental findings pre-
sented in this paper represent an important step to develop reduced-scale test methods for firebrand exposure.

KEYWORDS: Wildland-urban interface (WUI) fires; Firebrands; Urban fires

Determination of smoldering time and thermal characteristics 
of firebrands under laboratory conditions

Vladimir Fateev, Mikhail Agafontsev, Sergey Volkov, Alexander Filkov

Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.080

ABSTRACT: The laboratory experiment was conducted to simulate the transfer of smouldering particles pro-
duced in forest wildfires by a heated gas flow. The pine bark pieces with the linear dimensions L=(15; 20; 30) 
mm and a thickness of h=(4−5) mm were selected as model particles. The rate and temperature of the incident 
flow varied in the range of 1–3 m/s and 80–85 °C, respectively. The temperature of the samples was recorded 
using a thermal imager. To determine the minimum smouldering temperature of pine bark, the thermal analysis 
was conducted. The minimum smouldering temperature of pine bark was found to be 190 °C. This temperature 
will cause thermal decomposition of bark only at the first stage (oxidation of resinous components). In the 
study the smouldering time, the temperature and the weight of samples were obtained and analyzed under vari-
ous experimental conditions. The data analysis shows that the increase in the particle size leads to the decrease 
in their mass loss, and the rate change of the incident flow does not practically influence the mass change. For 
particles with the linear dimensions of 10 mm and 20 mm, the mass varies from 6% to 25%. The maximum 
mass loss is observed for the flows with a rate of 1 and 2 m/s. The results have shown that the increase in the 
particle size leads to the increase in the smouldering time. The position of the particle plays an important role, 
the effect of which increases with increasing the particle size. The calculations showed that the smouldering 
time of bark samples is long enough for the particles to serve as new sources of spot fires. The particles were 
found to be transported to a distance of 218 m from the fire line which can certainly influence the propagation 
of the fire front.
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Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.048

ABSTRACT: This work is a contribution to the understanding of wildfire smoke emissions. It focuses on the 
characterization of aerosols emitted by the combustion of dead shrub leaves and twigs with different thick-
ness (range of 0.75–20 mm). The experiments were carried out at bench scale with a cone calorimeter for the 
burning of Cistus monspeliensis leaves and twigs. Auto-ignition of the samples was obtained by heating their 
surface with a radiant heat flux of 50 kW/m2. The smoke and aerosols emitted before ignition during pre-heat-
ing were analysed separately from the smoke and aerosols emitted during the flaming phase. Heat release rate 
(HRR) was also measured and we observed two different behaviours depending on the diameter of the twigs. 
Fuel samples with diameter smaller than 4 mm exhibit a single peak HRR whereas two peaks were observed 
for the twigs with larger diameters. The smoke production rate (SPR) was also measured and it showed that 
smoke was mainly emitted during the pre-heating phase. We also obtained a strong correlation between HRR 
and SPR during the flaming phase but no smoke was emitted during the glowing phase. Emission factors of 
aerosols were calculated depending on these combustion phases (pre-ignition and flaming) and for the range 
of thickness of the samples. The observations of the aerosols were performed by scanning electron microsco-
py (SEM) and transmission electron microscopy (TEM). The chemical composition of organic carbon (OC) 
aerosols, emitted during the pre-ignition phase, were analysed using gas chromatography (GC) coupled with 
mass spectrometry (MS). Some carcinogenic compounds were identified. The sizes of OC and black carbon 
(BC) aerosols emitted were measured with an optical device. Most of the BC were PM0.3, which corresponds 
to the alveolar fraction of particles.

KEYWORDS: Wildfire smoke; Aerosols; PM; Heat release rate; Cone calorimeter; Electron microscopy; 
Analytical chemistry

https://doi.org/10.1016/j.firesaf.2017.03.048


79

Investigation of thermal degradation of pine needles using 
multi-step reaction mechanisms
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ABSTRACT: The objective of this study is to assess the relevance of several multi-step reaction mechanisms 
to describe the mass loss and the mass loss rate of pine needles in TGA at different heating rates in inert and 
oxidative atmospheres. The kinetic parameters of the different reactions were optimized using the Shuffled 
complex evolution (SCE) technique. Model results show that both mass loss and mass loss rate should be 
considered in order to evaluate properly the mechanism. The drying process is described accurately by a single 
reaction with a well-established set of kinetic parameters. The conversion of dry pine into char requires a five-
step reaction mechanism that is combined of three reactions to describe the pyrolysis under inert atmosphere 
and another two reactions to describe the oxidative process. Less detailed mechanisms were found to be unable 
to reproduce the mass loss rate. In particular, the one-step reaction mechanism, widely used to model the pyrol-
ysis process in wildland fire simulations, should be used with care. Finally, the char oxidation process can be 
described with a single step-reaction mechanism. The final complex mechanism is comprised of one reaction 
for drying, five reactions for the conversion of dry pine into char, and one reaction for the char oxidation, is 
promising. Further studies are required for its validation in large-scale experiments.

KEYWORDS: Forest fires; Pine needles; Gpyro; Thermal degradation; Thermogravimetric analysis; Shuffled 
complex evolution (SCE); Multi-step reaction mechanism

A study to investigate pyrolysis of wood particles of various 
shapes and sizes

Yawei Chen, Kumar Aanjaneya, Arvind Atreya

Fire Safety Journal, ISSN  0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.079

ABSTRACT: Pyrolysis of centimeter-scale wood particles of various sizes and shapes needs to be understood 
to determine their burning rate and life. Such particles may be thought of as firebrands, which are a major 
reason for spotting ignition in wildland and wildland-urban interface fires. The burning lifetime of firebrands 
controls the maximum distance they can travel to cause spotting. To understand and model this, experiments 
are done in a vertical tube furnace with wood particles of different sizes and shapes. For computations, two 
classes of shapes, prolate and oblate ellipsoids, were chosen to represent the arbitrary geometry of such parti-
cles. Prolate ellipsoids include shapes ranging from thin needles to spheres, whereas, oblate ellipsoids include 
shapes ranging from thin disks to spheres. The choice of these smooth shapes, while facilitating expedient 
computations also enables the coverage of wide ranges of particle shapes and surface area to volume ratios 
(SVR). Model simulations show satisfactory agreement with relevant literature and experimental data. Parti-
cle aspect ratio (ϵ, the ratio of minor and major axes), SVR, and equivalent radius (Re) are used to define the 
particle geometry. Mass loss and center temperature profiles are presented and discussed. It is shown that with 
the decreasing of aspect ratio, wood particle decomposes faster and the final char fraction becomes smaller. 
A power-law based correlation between conversion time (tcon) and SVR is derived and verified against experi-
ments. Further, it is shown that an increase in the SVR enhances the production of tar and decreases the yield 
of char while leaving the yield of gas mostly unaffected.

KEYWORDS: Wildfires; Firebrands; Pyrolysis; Modeling; Prolate; Oblate
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ABSTRACT: Carbon-rich soils, like histosols or gelisols, cover more than 3% of the Earth's land surface, and 
store roughly three times more carbon than the Earth's forests. Carbon-rich soils are reactive porous materials, 
prone to smouldering combustion if the inert and moisture contents are low enough. An example of soil com-
bustion happens in peatlands, where smouldering wildfires are common in both boreal and tropical regions. This 
work focuses on understanding soil ignition by self-heating, which is due to spontaneous exothermic reactions 
in the presence of oxygen under certain thermal conditions. We investigate the effect of soil inorganic content 
by creating under controlled conditions soil samples with inorganic content (IC) ranging from 3% to 86% of 
dry weight: we use sand as a surrogate of inorganic matter and peat as a surrogate of organic matter. This range 
is very wide and covers all IC values of known carbon-rich soils on Earth. The experimental results show that 
self-heating ignition in different soil types is possible, even with the 86% inorganic content, but the tendency 
to ignite decreases quickly with increasing IC. We report a clear increase in ambient temperature required for 
ignition as the IC increases. Combining results from 39 thermostatically-controlled oven experiments, totalling 
401 h of heating time, with the Frank-Kamenetskii theory of ignition, the lumped chemical kinetic and thermal 
parameters are determined. We then use these parameters to upscale the laboratory experiments to soil layers 
of different thicknesses for a range of ambient temperatures ranging from 0 °C to 40 °C. The analysis predicts 
the critical soil layer thicknesses in nature for self-ignition at various possible environmental temperatures. For 
example, at 40 °C a soil layer of 3% inorganic content can be ignited through self-heating if it is thicker than 
8.8 m, but at 86% IC the layer has to be 1.8 km thick, which is impossible to find in nature. We estimate that 
the critical IC for a ambient temperature of 40 °C and soil thickness of 50 m is 68%. Because those are extreme 
values of temperature and thickness, no self-heating ignition of soil can be expected above the 68% threshold 
of inorganic content. This is the first in-depth experimental quantification of soil self-heating and shows that 
indeed it is possible that wildfires are initiated by self-heating in some soil types and conditions.
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ABSTRACT: In recent times there have been increasing efforts to integrate technology into wildfire manage-
ment, especially in the fields of tactical monitoring and simulation. On the one hand, thermal infrared imaging 
(TIR) systems have been installed aboard surveillance aircraft including unmanned systems (UAS). On the 
other, there exists a variety of models and simulators able to forecast the fire spread. However, both fields 
currently present significant limitations. While relevant information is still extracted manually from aerial ther-
mal imagery and is most times merely qualitative, simulators’ accuracy on fire spread prediction has proved 
insufficient. To solve these issues, this article presents a twofold methodology to couple meaningful automated 
wildfire monitoring with accurate fire spread forecasting. The main goals are to, firstly, automatically process 
aerial TIR imagery so that valuable information can be produced in real time during the event and, secondly, 
use this information to adjust a Rothermel-based simulator in order to improve its accuracy on-line. The fire 
perimeter location is tracked automatically through an unsupervised edge detector. Afterwards, an assimila-
tion module uses the remotely sensed data to optimise the simulator's fuel and wind parameters, which are 
assumed to remain constant for a certain period of time. Subsequently, the optimum parameters’ values are 
used to issue a fire evolution forecast. All outputs are projected onto the corresponding Digital Terrain Model 
(DTM) and integrated into a Geographic Information System (GIS) for visualization. The global system was 
validated using two large-scale experiments. If these algorithms can be applied to a sufficiently rich and varied 
set of experimental data and further developed to cope with more complex scenarios, they could eventually be 
incorporated into a fire management decision support system.

KEYWORDS: Forest fires; Remote sensing; Thermal infrared; Unmanned aerial vehicles; Data assimilation; 
Fire behaviour; Modelling; Forecast
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ABSTRACT: Quantification of field-scale fire behavior is necessary to improve the current scientific un-
derstanding of wildland fires and to develop and test relevant, physics-based models. In particular, detailed 
descriptions of individual fires are required, for which the available literature is limited. In this work, two such 
field-scale experiments, carried out in pine stands under mild conditions, are presented. A particular focus was 
placed on non-intrusive measurement, as the capabilities of advanced remote sensing techniques, along with 
more traditional approaches, are explored. A description of the fires is presented, with spread occurring pre-
dominantly in the surface fuels with intensities in the range of 200–4400 kW m-1, and punctuated by isolated 
regions of crown fire. The occurrence of crown fire is investigated and linked to regions of greater canopy 
density, and it is found that the total fire intensity may increase locally to as much as 21,000 kW m-1. The light 
winds do not appear to play a direct role in the changes in fire behavior, while fuel structure may be important. 
The measurements described herein provided a reasonable overall description of the fires, however, the current 
resolution (both spatial and temporal) falls short of definitively explaining some transitional aspects of the fire 
behavior, and future improvements are suggested.
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ABSTRACT: To characterize the burning dynamics of porous wildland fuels it is fundamental to understand 
the heat and mass transfer mechanisms. These are significantly different compared to solid fuels and less well 
documented. Radiation feedback from flames and convective heat transfer from forced airflow have been found 
to influence the pyrolysis and combustion processes. Smoldering combustion and resulting heat feedback is 
also shown to have significant impact. The link between burning dynamics and the oxygen availability is also 
explored. Combustion experiments are carried out using the FM Global Fire Propagation Apparatus in order 
to investigate changes in the burning behavior of porous fuel beds as a function of the oxygen availability. The 
oxygen flux into the combustion zone was varied by three mechanisms, (1) varying natural entrainment, (2) 
changing forced flow magnitude and (3) oxygen concentration. Results investigated from the combustion tests 
were the duration of flaming (from which the average burning rate was deduced), CO and CO2 generation rates, 
combustion efficiency and heat release rate. For both test series, the duration of flaming decreased and peak 
heat release rate increased with increasing oxygen flux. For tests with varying flow magnitude the combustion 
efficiency stayed constant with a CO/CO2 ratio below 1.5%. For tests with varying flow oxygen concentration 
the ratio was much higher, between 12% and 26%, indicating high levels of incomplete combustion. At a given 
oxygen flux, changes in heat flux feedback from the flames, convection cooling, and combustion efficiency 
were found to be the reason for differences on the order of 30–50% in burning rate and thus heat release rate. 
The intensity of smoldering increased with increasing oxygen flux equally for both tests series. The study ex-
plored herein provides insight into importance of several heat and mass transfer mechanisms that govern the 
burning dynamics of porous wildland fuel beds. Furthermore, it also highlights the necessity of understanding 
incomplete combustion (flaming) in the wildfire context.

KEYWORDS: White pine needles; Heat release rate; Wildfire; Fire Propagation Apparatus; Calorimetry
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ABSTRACT: An experimental approach has been developed to quantify the characteristics and flux of fire-
brands during a management-scale wildfire in a pine-dominated ecosystem. By characterizing the local fire 
behavior and measuring the temporal and spatial variation in firebrand collection, the flux of firebrands has 
been related to the fire behavior for the first time. This linkage is seen as the first step in risk mitigation at 
the wildland urban interface (WUI). Data analyses allowed the evaluation of firebrand flux with respect to 
observed fire intensities for this ecosystem. Typical firebrand fluxes of 0.82–1.36 pcs m−2 s−1 were observed 
for fire intensities ranging between 7.35±3.48 MW m−1 to 12.59±5.87 MW m−1. The experimental approach 
is shown to provide consistent experimental data, with small variations within the firebrand collection area. 
Particle size distributions show that small particles of area 0.75–5×10−5 m2 are the most abundant (0.6–1 pcs 
m−2 s−1), with the total flux of particles >5×10−5 m2 equal to 0.2–0.3 pcs m−2 s−1. The experimental method and 
the data gathered show substantial promise for future investigation and quantification of firebrand generation 
and consequently a better description of the firebrand risk at the WUI.

KEYWORDS: Embers; Firebrand shower; Fire behavior; Wildfire; Forest fire; WUI
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properties
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Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.03.006

ABSTRACT: This paper is an extension of previous papers [1,2] on a raster-based fire spread model which 
combines a network model to represent vegetation distribution on land and a physical model of the heat trans-
fer from burning to unburnt vegetation items, and takes into account local conditions of wind, topography, 
and vegetation. The physical model, still based on the unsteady energy conservation in every fuel element and 
detailed local and non-local heat transfer mechanisms (radiation from the flaming zone and embers, surface 
convection, and radiative cooling from the heated fuel element to the environment), now includes wind-driven 
convection through the fuel bed. To address the challenge of real-time fire spread simulations, the model is also 
extended in two ways. First, the Monte Carlo method is used in conjunction with a genetic algorithm to create 
a database of radiation view factors from the flame to the fuel surface for a wide variety of flame properties 
and environment conditions. Second, the front-tracking method, drafted in [2], is extended to polydisperse 
networks and implemented in the new version of the model, called SWIFFT. Finally, the SWIFFT model is 
validated against data from different fire scenarios, showing it is capable of capturing the trends observed in 
experiments in terms of rate of spread, and area and shape of the burn, with reduced computational resources.
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ABSTRACT: Practitioners may face difficulties in the interpretation of fire codes since they often present so 
called “magic numbers”, i.e. numbers available in the codes which are listed for providing the design of build-
ing fire safety, for which the derivation and justification are not explained. The present paper discusses the need 
for a transparent regulatory approach, in which legislators publicly justify each of the choices made during the 
development of the fire codes. This approach has been used for the first time during the development of the 
Italian Fire Safety Code DM03/08/15, where the process adopted for the development of the code requirements 
has been publicly released in parallel with the code itself. This is deemed to facilitate the interpretation of the 
fire code, avoiding mis-use and preventing criticism on lack of transparency. To address this issue, the Italian 
legislators have conducted a process of reconstructing the assumptions adopted for the definition of magic 
numbers in other International codes (i.e., British Standard 9999) in order to identify suitable specifications 
for the national context under consideration. This includes the performance of a series of calculations rather 
than a mere historical examination of their basis. As a first attempt towards an increased transparency in fire 
code development at an International level, this paper publicly summarizes the process adopted by the Italian 
legislators for the development of the new Italian fire code, focusing on the exemplary case of the calculations 
performed for the definition of the requirements concerning stair design (i.e. vertical evacuation). This is pre-
sented by comparing the deemed-to-satisfy provisions of the Italian code with the ones given in the British 
Standard 9999. The process of developing fire codes is discussed together with the benefits associated with 
transparency in the assumptions adopted for their definition.
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ABSTRACT: Coupled fire and evacuation computer simulations are used to numerically reconstruct a fatal 
fire that occurred in an indoor shooting range in Korea in 2009. Of the 16 occupants, 15 were killed and one 
survived. The analysis demonstrates that this approach can accurately reproduce the outcome of this fire. The 
approach is then used to forensically analyse the incident to identify factors significantly contributing to the 
high loss of life. In particular, occupant response times and flame spread rate over the polyurethane foam 
(PUF) cladded walls are investigated. The results suggest that it is unlikely that anyone could have survived 
if response times were greater than 5 s. Furthermore, it is suggested that fatalities couldn't have been avoided 
even if response times were zero. It is also demonstrated that gunpowder residue on the PUF walls is the crit-
ical factor in producing the high loss of life. The average number of fatalities could be reduced from 14.9 in 
the reconstruction case to 0.1 if the walls are completely free of gunpowder residue. However, to completely 
eliminate fire related casualties, it is necessary to use a PUF wall cladding material with low flame spread rates 
together with an effective gunpowder cleaning system.

KEYWORDS: Fire investigation; Forensics; Shooting range fire; Fire simulation; Evacuation simulation; 
Response time
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ABSTRACT: Tunnel fires create dense black smoke that covers ceiling lights and darkens tunnel spaces. The 
present study investigates experimentally the evacuation speed in a full-scale tunnel filled with smoke and 
clarifies the relation between the extinction coefficient (up to 1.6 m−1) and normal walking speed. In this study, 
participants were exposed to smoke in a full-scale experimental tunnel that was darkened by turning off the 
ceiling lights, and the extinction coefficient was varied from 0.18 to 1.6 m−1. The maximum, minimum, and 
mean normal walking speeds were almost constant up to 1.0 m−1 but decreased slightly at higher extinction 
coefficients. At 0.30 m−1, the maximum emergency-evacuation speed through the dark tunnel is less than that 
when the ceiling lights are on and corresponds to 2.6 m/s, thereby indicating a fast walking speed even at small 
extinction coefficients. However, the maximum emergency-evacuation speeds at coefficients exceeding 0.48 
m−1 for light and dark conditions are almost identical. The minimum and mean emergency-evacuation speeds 
decrease at extinction coefficients of approximately 1.0 m−1. Additionally, normal walking speed and emergen-
cy-evacuation curves are calculated from the current experimental results to compare the effect of ceiling lights 
with that of a darkened space. The results indicate that the normal walking speed and emergency-evacuation 
speed are influenced by the darkened space.

KEYWORDS: Human behavior; Risk assessment; Tunnel fires; Extinction coefficient; Moving speed; Ex-
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ABSTRACT: The need for exit signs that attract attention when they need to be conspicuous, to redirect 
people to not just an exit route, but a viable and if possible an optimal exit route in an evolving emergency 
has driven the development of a new generation of advanced signage, the Intelligent Active Dynamic Signage 
System (IADSS). The IADSS, attempts to meet these needs through the development of a novel Active Dy-
namic Signage System (ADSS) which can be controlled by an intelligent decision support system. This paper 
presents results that refine the effectiveness of the ADSS. When an exit route is considered non-viable, the 
adapted ADSS provides not only negative information i.e. that an exit is no longer available, but also positive 
information, i.e. indicating a viable alternative exit. In addition, in situations where a voice alarm system is 
used in conjunction with the ADSS, it is also important to ensure that the messaging does not contradict the 
intent of the ADSS. The improved ADSS was tested in full-scale evacuation trials in a rail station. Results 
suggest that the improved ADSS with voice alarm messaging that does not contradict the signage system suc-
cessfully redirected 66% of the participants to the intended exit.

KEYWORDS: Human behaviour; Egress; Human factors; Signage; Dynamic signage; Wayfinding

https://doi.org/10.1016/j.firesaf.2017.04.034
https://doi.org/10.1016/j.firesaf.2017.03.022


89

Pedestrian merging behavior analysis: An experimental study 

Liping Lian, Xu Mai, Weiguo Song, Yuen Kwok Kit Richard, Ye Rui, Sha Jin

Fire Safety Journal, ISSN  0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.015

ABSTRACT: Merging flows involve complex interactions between pedestrians, which will restrict the effi-
ciency of the evacuation process in emergency situations, such as fires. However, experimental research on 
merging behavior is limited. This paper describes pedestrian behavior in a merging channel where the branch 
flow joins the main flow at a junction area. The width of the main channel was fixed at 3.2 m while the branch 
had a changeable value of 0.8 m, 1.6 m and 2.4 m, respectively. Up to 295 university students took part in 
the experiments and all trajectories were extracted using the mean-shift algorithm. Lane formation was found 
downstream in the main channel and the increasing amplitude of the lane width formed by the branch flow be-
came weaker with the increasing width of the branch channel. The saturated flow was approximately 4.9ped/s 
(1.5ped/m/s) and when the branch channel was 2.4 m, the main and branch channel became mutual bottlenecks 
to each other. Moreover, microscopic characteristics of pedestrian interaction were analyzed. Velocity-position 
relationships with the 1.6 m and 2.4 m branch widths showed the velocity in the main channel decreased when 
pedestrians got close to the merging area and the velocity in the branch channel was suppressed significantly 
compared to that with the 0.8 m branch. Density in the corner increased when the branch width increased and 
reached about 6ped/m2 when the branch width was 2.4 m. What's more, pedestrian flow in the branch became 
jammed in this situation. The results can be used to calibrate pedestrian simulation models and improve public 
infrastructure design.

KEYWORDS: Human behavior; Pedestrian dynamics; Controlled experiments; Merging flow
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ABSTRACT: When a large tsunami occurs at night, greater casualties can be expected than might occur dur-
ing a similar daytime event. In this study, we investigated illuminated route signs for tsunami evacuation by 
examining noticeability under different installation conditions. We began by installing prototype route signs 
in a coastal town where tsunami damages have been predicted. Then, we conducted an evacuation behavior 
experiment of assumed tourists. The results showed that the route signs had noticeability problems for peo-
ple who were unfamiliar with the area. Accordingly, in an effort to improve noticeability, we verified various 
route sign types based on subjective evaluations using computer graphics (CG) images. As a result, route sign 
noticeability increased as the display panel became larger, and that the addition of an 800 lm flash light to the 
sign improved its noticeability. Additionally, our investigation showed that noticeability trends were similar to 
those for the wayfinding effect. Finally, we fabricated a number of actual route signs and analyzed their notice-
ability through experimental observations. As a result, 90% of the test subjects noticed the route sign, which 
had a 1600 lm flash light, a 360 (w) ×720 (h) mm display panel, and the setting height of 4.5 m.
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ABSTRACT: Children are a vulnerable group in society and less is known about their characteristics during 
evacuation than that of adults. This may lead to fire safety design of child centric buildings that fail to account 
for or acknowledge accurately the characteristics of children. Previous studies have indicated a distinction be-
tween adults and children in response to fire cues, however, the existing child specific literature lacks the depth 
required to provide certainty in design assumptions. This paper focuses on the human behaviour of children 
during evacuation. The key aim is to contribute to the limited existing data on the pedestrian dynamics and 
behavioural actions of children during an evacuation. Data from twelve full scale evacuations of four primary 
schools (educating children aged 4–12) is analysed. As might be expected, longer pre-evacuation times were 
obtained for classes accommodating younger children. A reduction in pre- evacuation times was observed 
through repetition of evacuation drills. The movement characteristics of children on the horizontal plane and 
on stairways were found to be influenced by age, and variances in travel speeds within each class group were 
observed. On stairways children in the lower classes moved slower and were more cautious than older chil-
dren. Interestingly, it was more common for groups to be led by a pupil, resulting in faster movement speeds 
than those led by an adult. Observations and analysis are further discussed along with directions for further 
research.
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Real-time evacuation route selection methodology for complex 
buildings
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Fire Safety Journal, ISSN 0379-7112, https://doi.org/10.1016/j.firesaf.2017.04.011

ABSTRACT: This paper proposes a novel real-time decision methodology for the selection of optimal evacu-
ation routes for buildings. A summary of the mathematical formulation, the solution algorithm and the comput-
er model are presented. The optimization algorithm is based on the stochastic evacuation model predictions by 
considering emergency data such as the location of the hazard. The method is applied to an industrial building. 
The stochastic evacuation model is compared with the commercial evacuation model STEPS. In addition, the 
computational model is applied to several emergency scenarios to evaluate its validity.
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ABSTRACT: Since the tragic loss of life in the World Trade Center disaster, efforts have refocused on the 
provision of safe and efficient evacuation procedures, especially for occupants who cannot negotiate exit stairs 
without assistance. Several evacuation options have been designed specifically for people with mobility im-
pairments, including occupant evacuation elevators (OEEs). Face-to-face interviews were conducted with 51 
participants with mobility impairments working in buildings located in five major metropolitan areas within 
the U.S. The dual goals in this study were to gain an understanding of how building occupants with mobility 
impairments evacuate multi-story buildings during fire emergencies and to identify perspectives on the use of 
elevators during fire evacuations. Data analysis of interviews highlighted the benefits and concerns of study 
participants involving both typical building evacuation methods (i.e., emergency stair travel devices and areas 
of refuge), as well as evacuation methods using elevators. This study also highlights improvements that can be 
made to elevator systems, particularly OEEs, to reduce anxiety about fire evacuation and increase trust in the 
occupant evacuation elevator system via a variety of means, including education and consultation in prepara-
tion for the evacuation, information and attention to occupant needs while the evacuation is taking place, and 
two-way feedback and discussions afterwards. Key to all of these improvements is the need to include those 
with mobility impairments in the planning and execution of fire evacuations and to facilitate their ability for 
self-evacuation as much as is practicable. The results of this study led to guidance on evacuation planning and 
procedures, the use of existing elevators for evacuation of people with mobility impairments, and the use of 
occupant evacuation elevators.

KEYWORDS: Egress; Elevators; People with mobility impairments; Evacuation methods
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ABSTRACT: This paper describes a programme of blind modelling and benchmarking experiments that was 
part of a larger collaborative research project. The modelling and subsequent experiments were performed for 
a compartment representing a typical lounge in a residential occupancy with a number of different combus-
tible items located in pre-defined positions, and a specific ignition source. The modellers were provided with 
information such as the compartment dimensions and number/size of ventilation openings, the location and 
nature of the combustible items, and the details of the ignition source. The objective for the blind modelling 
was to predict both the ignition times for each of the secondary items, as well as the heat release rate for the 
compartment. As input for the blind modelling, each modeller had to select a range of different input data that 
included a heat release rate curve and ignition properties for each combustible item. A series of three identical 
experiments were then carried out and the blind modelling predictions were compared to the experimental 
results. The specific focus of this paper is to describe what choices the different modellers made when select-
ing the different input data for the blind modelling exercise. The impact that this decision-making had on the 
predictions, and hence comparison with the subsequent experimental data, is discussed. The input data varied 
considerably between the different modellers, and this had a significant impact on the modelling predictions 
and the comparison with the experimental results. The user decision-making in this blind modelling and exper-
imental benchmarking programme provides an illustration of one of the many aspects of the significant subjec-
tivity that is likely to occur in everyday performance-based fire safety engineering (PBFSE). A comprehensive 
performance-based design will involve a number of performance objectives. The modelling and experimental 
programme presented in this paper deals with only one aspect of a life safety performance objective. Notwith-
standing this limitation, any subjectivity of the type illustrated in this paper has the potential to create uncer-
tainty as to the actual level of safety that will be achieved, a lack of confidence in the eyes of an official who 
may be reviewing/approving a design, and hence provide a barrier to the effective implementation of PBFSE.
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ABSTRACT: This article aims to contribute to discussions and reflections upon the practice and theory of fire 
safety design. Are we reaching the results we want by the best available means? The theoretical framework 
of fire safety design is today restricted by a linear design process where mainly quantitative data and methods 
matters. A deterministic approach to safety ignores the decision-making context and considers each objective 
in isolation. Alternative methods for the fire safety design could view the design work as an iterative problem 
solving process between the designers and the stakeholders. Then decision making theory can be applied to 
solve the problem. In the iterative process key objectives are identified and the problem and its solutions are 
being reframed, creative inherently safer (cannot fail) and fail safe (forgiving to errors) alternatives are initially 
aimed at. Design should further embrace a function-centred view of the human-technology-structure system. A 
utilitarian evaluation that includes also qualitative factors can identify the best trade-offs between conflicting 
objectives. With a diversity of perspectives on fire safety design, the field of fire safety will be strengthened 
and be able to assist a rapidly changing world.

KEYWORDS: Fire safety science; Fire safety design; Fire safety engineering; Theoretical framework; Sci-
entific paradigm

Asphyxiant yields from common polymers in under-ventilated 
fires in the large instrumented fire enclosure (LIFE)
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ABSTRACT: Polymer pellets have been burned in 12 large scale tests in under-ventilated conditions in a 2.5 
m3 fire enclosure with attached corridor. The polymers investigated were low density polyethylene (LDPE), 
polymethyl methacrylate (PMMA), polystyrene (PS), and polyamide 6.6 (PA6.6). The enclosure, based on a 
scaled-down ISO 9705 room attached to a horizontally divided corridor, has been designed to replicate un-
der-ventilated burning in enclosure fires, while allowing the equivalence ratio to be determined. This provides 
a more robust, alternative verification of equivalence ratio, based on measured air flow, than the phi meter 
used in other reported work. Comparison between the yields of carbon monoxide (CO), carbon dioxide (CO2) 
and hydrogen cyanide (HCN), with values from the same materials from a bench-scale test together with ge-
nerically similar materials, shows very good agreement, demonstrating the ability of bench-scale apparatuses, 
such as the steady state tube furnace (ISO 19700) and the fire propagation apparatus (ISO 12136) to replicate 
the high toxic yields of under-ventilated combustion. Depending on the material, CO yields between 0.1 and 
0.25 g/g were obtained for under-ventilated flaming of the four polymers, alongside HCN yields of 0.01–0.02 
g/g for PA6.6.
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ABSTRACT: Commercial, off-the shelf propane cylinders are subjected to high safety regulations. Further-
more, those cylinders are equipped with safety devices like pressure relief valves (PRV). Despite these regula-
tions and safety measures, a failure of the container is possible if exposed to an intense fire. The result of this 
is severe hazard for users, rescue forces and infrastructure. Within the framework of a destructive test series, 
15 identical propane cylinders, without pressure relief devices, were exposed to an intensive fire in horizontal 
position until failure. Each cylinder was filled with a mass of m =11 kg of liquid propane. Three different fire 
sources were used (wood, petrol, propane). The experiments revealed the failure of all cylinders in a time 
period t<155 s. The failure lead to a fragmentation into several major parts with throwing distances of up to l 
=262 m. In all trials, the temperature of the cylinder wall (top, side, bottom), of the liquid phase inside and of 
the surrounding fire (top, side, bottom) was recorded. In addition, the inner cylinder pressure and the induced 
overpressure of the blast wave after the failure were recorded. Overpressures of up to p=0.27 bar were record-
ed close to the cylinder (l =5 m). All tests were documented by video from several positions (general view, 
close-up, high-speed 5000 fps). This test series creates the basis for further experimental studies in the field of 
alternative fuels for vehicles. The aim of this test series is to assess and analyse the consequences of the failure 
of gas vessels (for LPG, CNG, CGH2) in the aftermath of severe incidents.
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ABSTRACT: This paper discusses fires in informal settlements (otherwise known as slums, ghettos, shan-
tytowns, etc.), which are regularly ravaged by fire in South Africa. Initially an overview of the problem is 
presented, highlighting the factors that contribute to the frequent, large conflagrations that occur. Details have 
been based on research conducted in Cape Town, South Africa, although the research is applicable to settle-
ments worldwide. Data from recent fires where up to 4500 people were left homeless is included, highlighting 
aspects regarding fire spread and fire dynamics. Thereafter, preliminary results from a pilot study are presented 
where full-scale burn tests have been carried out on informal settlement dwellings, or “shacks”. Results from 
(a) a smoldering fire test, (b) 25 kg/m2 wood fire load test and (c) a ‘representative’ shack fire test are present-
ed. For flaming fires it is shown that flashover in these small dwellings can occur in as little as one minute 
(depending on the fuel source), which is consistent with observations from professional firefighters in the field. 
Photoelectric smoke detectors, ionization, and rate-of-rise heat detectors were included during fire tests, to 
evaluate their performance in such confined spaces, as these are currently being either used or being considered 
for use in settlements. Activation times are reported for the different tests conducted.
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ABSTRACT: This paper proposes part of a framework for the development of a risk assessment methodology 
to quantify the life safety risk of building occupants in the context of fire safety design. An important aspect 
of quantitative risk analysis (QRA) concerns taking into account the variability of the design parameters. In 
QRA for life safety in case of fire, one of the key research challenges to take probability into account is the 
complexity of the different submodels. Another key aspect is the high computational time for performing a set 
of simulations. In order to tackle these problems, a response surface model (RSM) for sub-models, which sup-
port the global QRA method, is useful. In this paper, this is illustrated in particular for the modelling of smoke 
spread. More specifically, the focus is on the development of a method and a model for estimating the RSM 
using a Least Squares (LS) technique or the Polynomial Chaos Expansion (PCE) approach. Both methods were 
found to be suitable for the intended purpose, but PCE provides the best fitting response surface model based 
on the obtained data for the case at hand. The model is tested in a practical case study with Computational Fluid 
Dynamics (CFD) incorporating the Fire Dynamics Simulator (FDS) model.

KEYWORDS: Risk assessment; Quantitative risk analysis; Response surface modelling; Polynomial chaos 
expansion; Least Squares Estimation
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Bayesian multi-fidelity approach
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ABSTRACT: Nowadays, fire safety engineers are increasingly relying on sophisticated numerical simulators, 
typically based on Computational Fluid Dynamics (CFD) solvers, to conduct their analyses. However, the 
complexity of these numerical models often limits drastically the number of simulations that can be afforded, 
making traditional methods of safety analysis difficult or impossible to apply. This paper proposes a statistical 
method to evaluate a quantity of interest with an expensive simulator while saving computation time. The 
method is based on Bayesian statistics and multi-fidelity. We use Gaussian process regression to construct a 
Bayesian model of the complex simulator. This model is based on a multi-fidelity approach, which consists in 
simulating at different levels of accuracy, for instance by varying the spatial discretization in a CFD solver. We 
illustrate the method on an example of fire safety analysis, where the quantity of interest is the probability of 
exceeding a tenability threshold in a building on fire.
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ABSTRACT: This paper presents an outline for improved localization and situational awareness in fire emer-
gency situations based on semantic technology and computer vision techniques. The novelty of our method-
ology lies in the semantic linking of video object recognition results from visual and thermal cameras with 
Building Information Models (BIM). The current limitations and possibilities of certain building information 
streams in the context of fire safety or fire incident management are addressed in this paper. Furthermore, our 
data management tools match higher-level semantic metadata descriptors of BIM and deep-learning based 
visual object recognition and classification networks. Based on these matches, estimations can be generated 
of camera, objects and event positions in the BIM model, transforming it from a static source of information 
into a rich, dynamic data provider. Previous work has already investigated the possibilities to link BIM and 
low-cost point sensors for fireground understanding, but these approaches did not take into account the benefits 
of video analysis and recent developments in semantics and feature learning research. Finally, the strengths of 
the proposed approach compared to the state-of-the-art is its (semi-)automatic workflow, generic and modular 
setup and multi-modal strategy, which allows to automatically create situational awareness, to improve local-
ization and to facilitate the overall fire understanding.

KEYWORDS: Building information models; Fire analysis; Multi-view sensing; Location estimation; Visual 
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ABSTRACT: The study is intended to examine how the size of a building influences on the frequency of 
ignition for various property use: office, store, warehouse, factory, etc., and to compare the results with those 
obtained from abroad. To do so, fire statistics data from year 1995 to 2003 were analyzed to obtain first the 
distributions of floor area of the building of fire origin for different building uses. A bimodal model consisting 
of two independent lognormal distributions was confirmed to represent very well floor area distribution of 
buildings of fire origin. The same model also fits the distribution of floor area of various buildings at risk in 
Japan whose information is obtained from questionnaires in the Corporate Survey of Buildings (CSB). The 
size vs frequency of ignition relationships were compared with those obtained from foreign researchers.
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ABSTRACT: There are several different preventive measures that can be used to reduce the number of fire fa-
talities in residential buildings, but information on how effective different measures are for different groups are, 
however, lacking. As a result, general measures are often implemented on large portions of the total population, 
which is not as cost-effective as targeting certain measures for certain groups in the population. Therefore, an 
analysis of fire statistics and data based on fire investigations reports is performed in this paper in order to 
provide recommendations for how different preventive measures can be targeted effectively.
The studied population is divided into various groups based on the type of measures that are effective for each 
group, and it is seen that the effectiveness of different preventive measures are depending on age, gender, occu-
pancy type, whether an individual is living alone and whether the individual is a smoker. The effectiveness of 
the different studied measured are presented in terms of fraction of fatalities averted and the benefit per imple-
mented measure. The results presented in this paper is novel and can be used to motivate targeted interventions 
and for cost-benefit analyses.
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ABSTRACT: An active imaging system for fires is proposed, based on terahertz (THz) electromagnetic 
waves. The purpose of this study is to assess the effectiveness of the proposed imaging system compared with 
an existing system based on near-infrared (NIR) radiation. An experimental study was conducted in several 
fire environments using both a developed THz array illuminator and an NIR system. As a result, the target ob-
ject was clearly visible with THz active imaging regardless of the presence or absence of smoke, whereas the 
image contrast of the target deteriorated with increasing smoke density when using NIR active imaging. There 
were no appreciable image changes due to temperature differences. Therefore, THz active imaging using an 
incoherent array illuminator seems to be an effective method to ensure visibility in a fire environment such as 
a room filling with smoke in the early stages of a fire.

KEYWORDS: Terahertz electromagnetic waves; Active imaging system; Visibility; Smoke and high-temper-
ature environments
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ABSTRACT: We analysed the hydrogen generation during the smouldering of polymeric materials, which are 
typically used in the household, in the Smoke Density Chamber coupled to a new developed hydrogen sensor 
to detect early stages of fires. The results of hydrogen generation were compared with the emission of carbon 
monoxide and smoke during the fire scenarios. Additionally, the results were compared with parameters used 
in traditional commercial detection systems. In this scenario, the hydrogen sensor showed encouraging results 
for the detection of fires in earlier phase compared to traditional detectors. Furthermore, we tested the new 
developed hydrogen sensor in a real room with different fire scenarios. We have also investigated interferences, 
e.g. steam and cigarette smoke. The hydrogen sensor could detect hydrogen generation in the earliest stage of 
fire, even before CO and smoke were developed in detectable amounts. Therefore, the hydrogen sensor can be 
applied for early fire detection in case of pyrolysis. The sensors are quite good for detecting pyrolysis gases. 
But when it comes to a fast ignition other techniques are more suitable for it. The sensors are best for combi-
nation with other techniques, such as smoke detectors.

KEYWORDS: Fire chemistry; Detection; Compartment fires; Smoke

https://doi.org/10.1016/j.firesaf.2017.04.035


102

Sharing policy and promoting your article

https://www.elsevier.com/authors/journal-authors/submit-your-paper/sharing-and-promoting-your-article

Sharing research, accomplishments and ambitions with a wider audience makes you more visible in your field. 
This helps you get cited more, enabling you to cultivate a stronger reputation, promote your research and 
move forward in your career. Sharing your article is an important part of research and it’s important to share 
responsibly.

As an author, you benefit from sharing the appropriate version of your article which ensures that:

• You always receive credit – you need to be cited accurately, which will also ensure that services such 
as your personal Stats dashboard records your citations correctly

• The integrity of the Scientific Record is not compromised - you should always direct readers to the most 
up to date version of your article - a link to the published journal article.

• You make use of services we offer – Sharelinks are a personal, customized short link that provides free 
access to your article for 50 days

Responsible sharing in line with copyright enables publishers to sustain high quality journals and the services 
they provide to the research community. Elsevier supports responsible sharing and responsible sharing plat-
forms and we adhere to the voluntary sharing principles of the STM Association.

For information on how you can share your published journal article, please see below. For information on 
sharing preprints and accepted manuscripts, please refer to our sharing policy.

Promote your article

Now that your article is published, you can promote it to make a bigger impact with your research.

Download our Quick Guide and Brochure to find ways to make your article stand out. Also visit our "Getting 
Noticed" hub on Publishing Campus >>

• Consider search engine optimization and keywords to help readers discover your article
• Think about promoting your article through social media and press
• Decide how you will share your article
• Monitor your article's impact with article level metrics
• Enrich your article with AudioSlides, short 5 minute webcast style videos to explain your research in your 

own words, to share on other platforms.

Share your article

Sharing research is an important part of the research process. This simple guide will help you share your re-
search broadly.

Share Link

To help you reach more readers, Elsevier will send you a Share Link when your article is published: A person-
al, customized short link that provides free access to your article for 50 days. This means you can invite col-
leagues and peers to access your article on ScienceDirect, sharing it by email and social media. Readers who 
click on the Share Link will be taken directly to your article, with no sign up or registration required.

https://www.elsevier.com/authors/journal-authors/submit-your-paper/sharing-and-promoting-your-article


103

• 50 days’ free access to the html and PDF versions of your article
• Sharing the link via social media accounts and email helps you generate interest in your article
• Sharing your article makes it more visible, potentially increasing downloads and citations
• The process is simple: just click on the link during the 50-day free access period

You will automatically receive the Share Link at the final citable publication stage of your article. If several 
authors are listed, the named corresponding author will receive the Share Link, which can then be shared with 
co-authors.

Share your research

There are a number of options for posting and sharing your article below. For further information see Green 
open access with Elsevier, our sharing policy and our FAQ on posting.

Unless otherwise noted, the examples below relate to your published journal article. For information on how 
you can share preprints and accepted manuscripts, please refer to our sharing policy.

The STM Association has created www.howcanishareit.com which helps to explain how authors and users 
can share articles published in academic journals. It includes the Can I Share It look-up tool which provides 
academic researchers with an easy way to check where a journal article can be shared in line with the paper’s 
access and usage rights.

I want to share my article: 

At a conference
You can always present your research in forms such as a presentation, or poster. 

For classroom teaching purposes 
You can use your article for your own classroom teaching and internal training at your institution (including 
use in course packs and courseware programs. 

For grant applications 
You can include your article for grant funding purposes. 

With my colleagues 
You can easily share your article with your colleagues (and other individuals) in private communications such 
as email. 

On a preprint server 
You can always post your preprint on a preprint server. Additionally, for ArXiv and RePEC you can also 
immediately update this version with your accepted manuscript. Please note that Cell Press, The Lancet, and 
some society-owned titles have different preprint policies. Information on these is available on the journal 
homepage. 

On my personal blog or website 
We recommend that you list all your publications and link back to the final version on ScienceDirect to make 
it easier for you to be cited. In addition to this you can also post your preprint or accepted manuscript and any 
gold open access articles on your non-commercial personal website or blog. Gold open access articles can be 
posted on your non-commercial personal website or blog. Authors can also share gold OA articles under CC-
BY license on commercial websites. See “A word about Gold OA” below. 

On my institutional repository 
You can post your accepted author manuscript immediately to an institutional repository and make this pub-
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licly available after an embargo period has expired. Remember that for gold open access articles, you can post 
your published journal article and immediately make it publicly available. 

On a subject repository (or other non-commercial repository) 
You can always post your preprint version and you can also post your accepted author manuscript after the 
embargo period has expired. Remember for gold open access articles, you can post the published journal article 
immediately. 

On Scholarly Collaboration Network (SCN), such as Mendeley or Scholar Universe
Services such as SCNs enable authors to showcase their work, providing fast and effective ways to collaborate 
and disseminate research. A number of SCNs are working together with publishers to help to showcase your 
work by sharing links to published journal articles on author profiles. We encourage authors to share their 
research responsibly on SCNs. You can share your preprint, article abstract or a link to your article. Example 
SCNs can be found on the STM Association’s www.howcanIshareit.com page. 

Social Media, such as Facebook, LinkedIn, Twitter 
Elsevier will send you a 'share link': a personal, customized short link that you will receive after final publica-
tion of your article. It provides 50 days free access to your newly-published article on ScienceDirect to anyone 
clicking on the link. We encourage you to share this link on social media. After 50 days the share link will still 
work but automatically revert to a link to your full text article. You can also share your final published article 
immediately by publishing it open access.

Gold Open Access licensing and sharing

If you have chosen to publish your article open access, you can share according to the end user license selected:

• CC-BY licensed articles may be shared with anyone, on any platform or via any communication channel.
• CC-BY-NC-ND licensed articles may be shared on non-commercial platforms only.

More information is available on our open access licenses page.

Do you want to make your published paper OA?

If your article has already been published as a subscription article, it may still be possible to make it open 
access up until 31st January of the following year by paying the Article Publishing Charge (APC) associated 
with your journal.  For example, if the article has a formal date of publication of March 2017, authors are able 
to make their article open access up until the 31st January 2018. This cutoff date is necessary to uphold our no 
double dipping policy. To request retrospective open access or for further details, please contact us
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