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ABSTRACT

This thesis work is dedicated to the study of under-ventilated compartment fires, focusing
especially on its most complex and hazardous related phenomenon: a deflagration or rapid
combustion called backdraft. In order to predict and mitigate the risk of a backdraft, it is
essential to have a good understanding of the gas dynamics which can lead to the ignition
and the propagation of the flame, resulting in backdratft.

This thesis work is divided into two parts. The first part introduces the theme of under-
ventilated fires and backdraft, describes the means and techniques used during this thesis
work, presents and discusses the main results and gives final conclusion and
recommendations for further work. The second part contains the research papers written
during this thesis work, published in reviewed scientific journals or presented in
international conferences.

Computational Fluid Dynamics (CFD) models are shown to be very useful in fire safety
engineering, for example to help design modern and safer buildings. In this thesis work,
CFD calculations are carried out to estimate the effectiveness of common fire-fighting
tactics on backdraft mitigation. Considerable experimental work was carried out as a part of
the thesis work and CFD techniques were used to simulate vent flows and other flow
patterns in under-ventilated fires. However, the modeling of the incomplete combustion and
the extinction of strongly under-ventilated fires is still a challenge for the combustion
community.

The occurrence and intensity of a backdraft are directly related to the mixing level and
therefore to the properties of the gravity wave. In this thesis work, the combination of
analytical, numerical and experimental methodologies gives a good description of the
hydrodynamic process prior to backdraft ignition.

UTDRATTUR

Rannsdknarefnid er eldsvodi i sarefnislitlu rymi med sérstakri aherslu & hettuna af
fyrirbrigdinu reyksprengingu (backdraft). Til freedilegrar medhéndlunar & pessu fyrirbrigdi er
notud straumfreedi og rannsakad hvernig meta skal og vinna gegn hettunni af sprengingum
sem geta ordid pegar kviknar i eldfimu reykgasi.

Ritgerdin skiptist i tvo hluta. Sa fyrri er greining & fyrirbrigdinu, lysing & peirri adferdafraedi
sem notud er vid rannsoknina og helstu nidursédum hennar dsamt peim atridum sem purfa
frekari rannsoknar vid i framtidinni. Sidari hlutinn fjallar um ritgerdir sem birtar hafa verid i
ritryndum visindaritum eda & alpjédlegum radstefnum.

Synt er fram & ad télvuvedd straumfraedilikon eru mjog hentug i brunavarnarverkfraedi,
einkum til ad tryggja 6ryggi i nyjum byggingum & hénnunarstigi. I ritgerdinni eru tolvuveedd
straumfraedilikon notud til ad meta varnarmatt eldvarnaradferda sem notadar eru til ad vinna
gegn reyksprengingum. Hiuti af rannsékninni voru tilraunir er gerdar voru i rannsoknastéd



Verkfreedihaskolans i Poitiers i Frakklandi. Loftraestistraumar og annad loftrennsli tengt
surefnislitlum eldi var hermt med tdlvuveddum straumfraedilikbnum, en likdn af
6fullkomnum bruna og eldvarnir par sem eldsvodar i lokudum rymum og surefnisskorti eiga
i hlut eru enn mikid vandamal innan brunavarnarverkfradi.

Tilurd og kraftur reyksprenginga er afleiding pess pegar opnad er inn & surefnislitinn eld og
byngdarstraumur veitir lofti inn i rymid og blandar pad eldfimu gasi sem fyrir er. |
ritgerdinni er beitt adferdum steerdfraedigreiningar og télulegum reikningum sem gefa glogga

mynd af straumum sem geta leitt til reyksprenginga og nidurstddurnar bornar saman vid
tilraunir.
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OVERVIEW OF THE THESIS

This document is divided into two parts. The first part, from Chapter 1 to 10, aims at giving
an overview of the work carried out during the PhD project. In the second part, the main
papers published during this research project are presented.

Chapter 1 introduces briefly the discipline of Fire Safety Engineering and discusses the
contribution to science contained in this thesis with an overview of published papers.

Chapter 2 introduces the problem of enclosure fires and backdrafts, discussing the state of
the art, the related terminology and lists the goals of this study.

Chapter 3 describes the means and techniques used in this research, i.e. the analytical
approach, the Computational Fluid Dynamics (CFD) model and the experimental flow
measurement techniques. Advantages and limitations of these techniques are discussed, and
recommendations are presented.

Chapter 4 introduces the problem of the simulation of strongly under-ventilated fires and
extinction due to oxygen exhaustion. The limitations and possible improvements are
discussed. The use and contribution of CFD is of great importance in Fire Safety
Engineering, and 2 examples concerning gravity currents are given to illustrate this interest.

Chapter 5 discusses the analytical model of the gravity wave and the flow at the opening of
the compartment, introducing the concept of translatory wave in stratified flow and the
critical flow approach for vent flows.

Chapter 6 describes the series of experiments carried out during this PhD project. Firstly,
the goal, the apparatus, the control variables and the experimental procedure are described.
Secondly, an overview of both qualitative and quantitative results is given, with a discussion
concerning the limitations and recommendations.

Chapter 7 describes the CFD model set up to simulate the experiments, using FDS (Fire
Dynamics Simulator) and contains some preliminary results from the simulations.

Chapter 8 gives a comparison between the results of the 3 techniques, analytical,
experimental and numerical, described in the previous chapters, and discusses the validity of
the numerical model. The quantitative results allow comparing important characteristics of
the gravity currents, such as the transit time and the flow at the opening and inside the
compartment. The qualitative results allow comparing the physics of the phenomena, and
especially the turbulent structures.

In Chapter 9, the numerical model is used for a detailed study of the behavior laws of the
wave and the mixing between the hot and cold layer. The role in the mixing process of the
turbulent coherent structures such as Kelvin-Helmoltz instabilities previously identified in
the experiments is highlighted. The mixing and its evolution in time are then quantified by
evaluating the mixing fraction in each cell in the symmetry plan.

Chapter 10 concludes the main part of the PhD thesis, and gives recommendations for
future research.
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1 INTRODUCTION, CONTRIBUTION TO SCIENCE AND
OVERVIEW OF THE THESIS

1.1 Fire safety engineering

Fire Protection Engineering is a developing discipline; it includes material science, structure
strength, chemistry, fluid mechanics and touches many other domains such as medicine and
psychology. Its goals are to reduce the number of deaths and injuries in fire accidents, to
educate and train fire-fighters to improve their safety during interventions, and to reduce
property damage. To this end, it is important to develop predictive tools, which help
engineers with their building designs by simulating complex problems like combustion, heat
transfer, smoke spread, human behavior and evacuation. However, despite all these efforts,
fire remains one of nature’s most hazardous and unpredictable phenomena, and therefore
discipline requires continuous research. Classical textbooks describing Fire Protection
Engineering have been produced by Karlsson and Quintiere [1] and Drysdale [2]. The
Society of Fire Protection Engineers (SFPE) has published a complete handbook [3] which
is a key reference within the fire protection community.

1.2 Contribution to science

This thesis’ main contribution to science concerns the study of under-ventilated fires, in
particular backdraft. The work carried out aims at giving a very complete description of the
entire gas dynamic process prior to backdraft ignition, by means of experiments, CFD and
analytical studies.

Prediction models that have resulted from this research are described in several research
papers (Papers [B] to [E]). In these papers, examples of hydraulic analysis of fresh air
inflow into compartments filled with hot gases are presented for the first time and verified
against former experimental findings from Fleischman and McGrattan [4].

This research project also considers a new approach for estimating of vent flows based on
critical flow conditions, by improving the commonly used formulas based on the Bernoulli’s
equation.

An experimental series has been carried out to give a very complete description of the
hydrodynamic process prior to backdraft. A numerical model of these experiments was set-
up and its results are validated against the experimental ones. The combination of these two
tools allows identifying the primary mechanisms creating the necessary conditions for a
backdraft to occur.

The numerical model allows a detailed investigation of the mixing process, identifying the
main sources of mixing and quantifying it by calculating the mixing fraction within the
compartment.
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In the second part of this PhD thesis, the main papers published during this research are
presented, as a contribution to the Fire Safety Science:

Paper [A] discusses the benefits of CFD calculations for Fire Safety Engineering and
building design. During the last decades, building codes have been shifting from prescriptive
to performance based, permitting the design of modern and complex buildings. Fire safety
regulations can have a major impact on the overall design of a building with regard to
layout, aesthetics, function and cost. At the same time there has been a rapid progress in the
understanding of fire processes and their interaction with humans and buildings.
Advancement of CFD modeling of fires has been particularly rapid. This paper gives two
design examples of complex buildings; firstly, an office building where occupants’ safety
and evacuation are the main concerns, and secondly a storage building where the focus is on
the fire brigade access to the building and how to prevent damage to the goods inside. In
both cases, CFD results show that these design solutions provide an acceptable level of
safety.

In Paper [B], several practical fire-fighting tactics commonly used when arriving at the
scene of an under-ventilated fire are simulated by CFD calculation. It is shown that CFD has
a great potential to estimate the effectiveness of these tactics in mitigating the danger of
backdraft. If burning has occurred in an oxygen starved environment for a long time,
excessive pyrolysis products may have accumulated in the fire compartment. If air is
suddenly introduced into the compartment a backdraft can occur. The CFD code used for
the simulations is FDS (Fire Dynamic Simulator). This paper focuses on the conditions that
can lead to backdraft, and not the deflagration in itself. Therefore, the simulation focuses on
the gravity current and the mixing process between cold fresh air and hot smoke gases by
considering, as initial condition, a uniform temperature inside the building. The different
fire-fighting tactics studied include natural ventilation, Positive Pressure Ventilation (PPV)
and dilution by water mist. Their efficiency is observed by comparison with a reference
scenario, where no action is taken. It is shown that usage of PPV is very efficient in
evacuating the unburnt gases, but increases the mixing, and consequently the probability of
backdraft during the early stage of operation. On the other hand, the addition of water mist
can mitigate completely the danger of backdraft, at the condition that the unburnt gases’
concentration is below the critical fuel volume fraction. If the dilution level is not sufficient,
the danger of backdraft is increased, mainly because the time necessary to empty the rooms
of hot gases is longer due to cooling, that reduces the density difference between hot and
cold gases. During a fire-fighting operation, the choice of tactic depends mainly on whether
there are people left in the building or not, but also on the fire-fighters’ knowledge of the
building’s geometry and the fire conditions. If the situation shows signs of strongly under-
ventilated conditions, the danger of backdraft has to be considered and the most appropriate
mitigation tactics must be applied.

Paper [C] investigates the characteristics of a gravity wave. This flow, created by fresh
oxygen entering a hot compartment is an essential element in the backdraft process. The
problem seems to be that the mixing and entrainment between the two layers of hot and
cold air has a profound effect on the flow velocities. In this paper an analytical gravity wave
model that can calculate the velocities in a simple gravity wave is presented. This model
uses the equations of stratified flow hydraulics and the translatory wave solution of the flow
equations. It is found that the velocities of the model compare very well to the velocities
reported from laboratory tests and numerical simulations. Numerical simulations of stratified
flow in a CFD model are discussed with respect to model construction. It is concluded that
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the densimetric Froude number is the main parameter for the velocity calculations and the
length/height ratio is important for the friction forces.

In Paper [D], the classical hydraulic equations of density driven flows are solved in order to
determine the gravity controlled inflow in a shipping container full of hot unburnt gases. For
this purpose, a critical flow approach, which is new to Fire Safety Engineering, is
considered. 1/3 of the container's height is covered by the horizontal opening. For the initial
condition, i.e. just before opening the hatch, zero velocity is prescribed everywhere. When
the hatch is opened, the incoming air flows down to the container floor and crosses it
without meeting any resistance other than normal frictional resistance. The classical way of
estimating vent flows in fire safety engineering is to assume that the gases in the fire
compartment are either well-mixed or stratified. In this paper, we take a different approach
to estimating vent flows, using the critical flow condition and an alternative velocity profile
based on experiments. Two flow correction coefficients are considered at the opening,
taking into account the uneven distribution of velocity (o) and the effect of mixing and
entrainment (C). These semi-analytical results are then compared with CFD simulations
performed for the same geometry. Good agreement is found between semi-analytically
calculated and numerically obtained flow characteristics, confirming that the quantitative
determination of the a and C correction coefficients was reasonably accurate. This also
shows that the proposed semi-analytical method can give a good approximation of average
velocities and flow rates in gravity currents, for this geometry.

In Paper [E], methods to determine the gas composition in the case of a strongly under-
ventilated fire, i.e. when the flame is dying from lack of oxygen, are developed. The
determination of the gas composition is essential in Fire Safety Engineering, as research
shows that more of 70 % of casualties in fire are due to CO inhalation. The incompleteness
of the combustion, and by consequence the amount of CO produced, is directly related to
the amount of oxygen available in the compartment. This study is based on experimental
results from backdraft studies in reduced scale and real-scale compartments, as well as in
poorly ventilated conditions. Results from computer simulations carried out using Fire
Dynamic Simulator (FDS), and analytical calculations are compared to the experimental
results and observations. These comparisons are found useful to test the availability of the
different methods to describe the combustion products due to strongly under-ventilated
fires, as well as the flame behavior in its transition to extinction-free conditions to partial or
total quenching. The results point out some difficulties due to the relative unreliability of gas
measurements in the experiments, as well as the inaccuracy in the FDS flame extinction
model and the necessary assumption made for the analytical calculation.
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2 UNDER-VENTILATED FIRES AND BACKDRAFT: THE THEME
AND THE OBJECTIVES

2.1 Under-ventilated fires

2.1.1 Generality and background

Researching the area of under-ventilated fires has not been conducted at the same rate as
well-ventilated fires. This is partly due to the fact that quite complex physical and chemical
processes occur during under-ventilated fires. However, it is under-ventilated fires that fire
brigades in most cases face when arriving at the scene of a fire. Research regarding the
growth of under-ventilated fires, where a great quantity of unburnt gases accumulates, is of
considerable importance since such accumulation can result in severe consequences, both
for fire-fighters and civilians.

A fire is characterized by the amount of heat (or energy) [5], [6], [7] it releases and its
burning rates [8]. The influence of the enclosure on the fire is mainly due to the radiation
from hot gases and walls and to the amount of oxygen available [9]. The hot gases will
collect at the ceiling level and heat the ceiling and the walls. The walls and the hot gases
layer will radiate towards the fuel surface, thus enhancing the burning rate. The availability
of oxygen for combustion depends on the enclosure vents (leakage areas, openings, etc.).
The combustion is thus incomplete, with a decrease in fuel burnt and energy release rate
[10], and an increase in unburnt fuel and products of incomplete combustion.

Estimating the toxic hazards of combustion gases in a fire compartment is essential to fire
safety engineering, as most of the casualties in fire are due to CO inhalation [11]. The
incompleteness of the combustion is directly related to the amount of oxygen available [12].
Fires leading potentially to backdraft in a very tight compartment are strongly under-
ventilated. Little data is available for such fires, and describing the extinction due to
exhaustion of oxygen is still a challenge for computer models, for various reasons [13].

Fires in enclosures can lead to very sudden and hazardous phenomena such as flashover,
ghosting flames, backdraft and smoke gas explosions [14]. This is due to the very strong
dependence between fire behavior and ventilation, and to the radiative heat transfer between
flames, gases, walls and fuel. Understanding the fire behavior and the factors controlling its
development is essential for fire brigades, in order to prevent or mitigate the risks linked to
compartment fires [15]. By studying backdraft, the most complex and dangerous of these
phenomena in details, tools to identify hazards and increase knowledge of dangerous
conditions can be developed. Recommendations for fire-fighters to mitigate the danger of
backdraft have been reported in this thesis, within the FIRENET project (See Part 2.2 and
Annex). A description of the backdraft is given in Part 2.2 below.
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2.1.2 Terminology

In order to provide a concise description of the problem, it is essential to define the main
terminology generally used in fire safety engineering, and especially in the case of under-
ventilated fires. Fires in enclosures can be either well-ventilated or under-ventilated,
depending on the amount of fuel and oxygen available and the stage of the fire.

Well-ventilated fire (fuel controlled): After ignition and during the initial fire growth stage,
the fire is said to be fuel-controlled, since in the initial stages there is sufficient oxygen
available for combustion and the growth of the fire depends entirely on the characteristics of
the fuel and its geometry.

Under-ventilated fire (ventilation controlled): As the fire grows it may become under-
ventilated, when there is not enough oxygen available to combust most of the pyrolyzing
fuel. The energy release rate of the fire is then dependant on the amount of oxygen that
enters the enclosure openings.

Diffusion flames: a diffusion flame refers to the case where fuel and oxygen are initially
separated, and mix through the process of diffusion. Burning and flaming occurs where the
concentration of the mixture is favorable to combustion. Although the fuel and the oxidant
may come together through turbulent mixing, the underlying mechanism is molecular
diffusion, process in which the molecules are transported from a high to low concentration.

Premixed flames: a premixed flame refers to the case where oxygen has mixed with fuel
before it reaches the flame front. This creates a thin flame front as all of the reactants are
readily available. If the mixture is rich, a diffusion flame will generally be found further
downstream. Flames in accidental fires are nearly always characterized as diffusion flame.

Flashover: the transition from the fire growth period to the fully developed stage in the
enclosure fire development. The formal definition from the International Standard
Organization is “the rapid transition of a state of total surface involvement in a fire of
combustible material within an enclosure”. In fire safety engineering the word is used to
indicate the demarcation point between two stages of a compartment fire, i.e., pre-flashover
and post-flashover.

Pre-flashover: The growth stage of a fire, where the emphasis in fire safety engineering
design is on the safety of human. The design load in this case is characterized by its energy
released rate curve, where the growth phase of a fire is of most importance.

Post-flashover: When the objective of fire safety engineering design is to ensure structural
stability and safety of fire-fighters, the post-flashover fire is of greatest concern. The design
load in this case is characterized by the temperature-time curve assumed for the fully-
developed fire stage.

2.2 The backdraft phenomenon

2.2.1 Definition

When an under-ventilated fire dies due to lack of oxygen, the enclosed room can remain full
of hot unburnt gases. If an opening occurs, for example a window breaks or fire-fighters
open a door to the room, fresh oxygen is carried into it by gravity currents, and mixes with
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gases. The mixing of gas with oxygen can create a flammable mixture resulting in ignition
and an explosive or rapid combustion called backdraft [16]. The deflagration propagates,
causing an extreme pressure build-up. The resulting flame travels at a speed of several
meters per second. The occurrence and intensity of a backdraft is directly related to the
mixing level and therefore to the characteristics of the gravity wave. This very hazardous
and dangerous event has killed many fire-fighters in the past years ([17], [18], [19]).

The backdraft phenomenon is schematized in Figure 1. If there is sufficient ventilation, the
fire might grow and reach flashover. On the other hand, in under-ventilated conditions, the
burning rate of the fire is affected and the temperature rise is dampened (Point A), until the
fire dies from oxygen depletion (Point B) and the temperature starts decreasing, with an
atmosphere that remains rich in unburnt gases. If an opening is made, allowing a gravity
current to enter and bring in fresh oxygen, the mixing process results in a more or less
premixed situation. If this mixture ignites (Point C), the deflagration propagates and the
temperature increases suddenly. The temperature increase in the case of backdraft and in the
case of flashover is portrayed on the red dashed curve and the dotted curve respectively.
The red dashed curve shows the temperature increase in the case of backdraft and the
dotted curve in the case of flashover. Comparing the slope of the two curves shows that the
temperature increases much faster than when flashover occurs, showing the very sudden
and powerful nature of the backdraft.

Flashover Growth to
flashover

C

v

Figure 1: Temperature in an enclosure resulting in flashover or backdraft

2.2.2 Former studies on backdraft, State of the Art and the FIRENET project

Backdraft experiments have been carried out by Gojkovic [20] as a part of the FIRENET
project, using methane as fuel and a modified shipping container to create under-ventilated
conditions. Figure 2.a shows the container just after ignition of the backdraft. A ball of
gases, due to pressure expansion is clearly seen just outside the compartment, shortly
followed by the flame (Figure 2.b) spreading through the opening. The backdraft is then at
its maximum (Figure 2.c) before decaying, burning the remaining gases (Figure 2.d). The
whole process took only 4 or 5 seconds.

Until recently, limited research has been done on backdraft. The pioneer and most complete
work on this phenomenon is undoubtedly the work done by Fleischmann [21] in his PhD
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thesis. More recent research projects have studied the effect of mass fraction of unburnt
fuels and opening on the occurrence of backdraft, and the mitigation effect of water mist
(Gottuk et al. [22], Weng and Fan [23]).

Two of the main controlling elements in the study of backdraft are undoubtedly the time
that elapses from the opening of the compartment to ignition, and the magnitude of gas
mixing. The occurrence and intensity of backdraft is directly related to the intensity of
mixing. As a result, one of the key parameters controlling the intensity of a backdraft is the
mass fraction of unburnt fuel. Those problems have been studied in laboratory scale
experiments ([4], [23], [24]), real scale experiments ([20], [22], [25]), as well as
mathematical analysis and numerical modeling ([26], [27], [28]). There are currently several
research projects dedicated to the simulation of the combustion and flame spread part of the
backdraft ([29], [30], [31]).

During this PhD project, the University of Iceland was a partner in FIRENET, a European
project dedicated to the study and understanding of under-ventilated fires and backdratft,
coordinated by Prof. Wen from Kingston University (UK). Within this project, the
candidate has collaborated with some major research groups, on different issues related to
under-ventilated fires: the University of Naples (Italy) studying pyrolysis ([32], [33].[ 34],
[35], [36], [37], [38], [39]), the University of Ulster ([40], [41]) and Kingston University
(UK) [42] studying heat transfer and glazing, and the Laboratoire de Combustion et de
Détonique in Poitiers (France) [43] and Lund University (Sweden) [20] for ghosting flames
and backdraft experiments. The University of Liege (Belgium), Ansys CFX ([29], [44]) and
Kingston University ([45], [46], [47], [48]) were mainly involved in the simulation of the
flame spread during the deflagration. Within FIRENET, the task of the University of Iceland
was mainly the characterization of the hydrodynamic process prior to ignition, i.e. gravity
wave and mixing between hot and cold gases ([26], [27], [49], [50]).
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Figure 2: Backdraft experiments (Gojkovic [20])

2.3 Objectives

From the works cited in the previous section, the following conditions that may lead to
backdraft have been identified:

» Complete extinction by oxygen exhaustion must be achieved.
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Backdrafts occur in confined places with very limited leakages, so that the fire consumes
all the oxygen available for combustion until reaching the Limiting Oxygen Index (LOI)
under which burning cannot occur.

» The mass fraction of unburnt fuel is a key parameter.

Experiments have determined a critical mass fraction value under which backdraft does
not occur [23]. This value depends among others on the type of opening. It is also shown
that if the mass fraction of unburned fuel increases, the over-pressure in the compartment
also increases and the backdraft becomes more severe.

» Opening allowing fresh oxygen.

A sudden opening creates the gravity current that provides fresh oxygen inside the
compartment.

» Hot spot or spark for ignition.

The flammable gas must be in contact with an energy source for ignition to occur.

The above mentioned backdraft conditions identified are prior to opening. There has been
very little description of the gas dynamics and mixing between opening and ignition, and this
is clearly a gap in the identification of the ignition conditions. This project aims to fill this
gap, and therefore, analytical, experimental and numerical studies have been carried out,
with the following main objectives:

» The development of an analytical model of a gravity wave, based on the translatory
wave theory ([51], [52]) and classical fluid mechanics equations adapted to stratified
flows [53], with the assumption of a three phase flow.

» The determination of correction factors for the calculation of the flow at the opening
of a compartment full of hot gases [4]. These correction factors take into account the
uneven distribution of velocity (a) and the effect of mixing and entrainment (C).

» The design, building and running of experiments to investigate in detail the behavior
of the gravity wave, by mean of Laser Tomography and Particle Image Velocimetry.
The experimental results allow identifying the different turbulent structures
recognized from publications on turbulence.

» The development of a CFD model of the experiments using the Fire Dynamic
Simulator (FDS) software.

Finally, results from the three methods are compared. Analytical and experimental results
are used to calibrate and validate the CFD model. Once validated, this model allows
quantifying the wave velocity, estimating the influence of different initial conditions or
geometries, and to identify the main sources of mixing and quantification of the mixing
intensity. These results will be an essential tool for the development and improvement of
future models.
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3 MEANS AND TECHNIQUES

3.1 Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is a modeling technique that uses numerical methods
and algorithms to solve and analyze problems involving fluid flows. Programs based on this
technique are widely used in the engineering and scientific communities in various
disciplines such as aeronautics, medicine, meteorology, fire safety, mechanical engineering,
combustion modeling to name only a few. It is not the scope of this thesis to describe CFD
software in details, but this chapter will give a short description of its use in the domain of
fire safety.

CFD models are based on a complete, time-dependant, three-dimensional solution of the
fundamental conservation laws. The studied volume is divided into a multitude of sub-
volumes to which the basic laws of mass, momentum and energy conservation are applied.
The governing conservation equations for mass, energy and momentum contain the viscous
stress components in the fluid flow as further unknowns. Substituting these into the
momentum equation yields the Navier-Stokes equations, which are the fundamental basis of
any CFD problem [54].

The most common CFD applications involve fluid flow and heat transfer. Applications can
also involve other fire related applications such as combustion, phase change, multiphase
flow or chemical reactions.

The range of CFD applications is so wide that no single code can incorporate the modeling
of all the required physical processes. There are several codes that can be used for fire-
involved problems. These, in turn, use a number of different approaches to the sub-
processes that need to be modeled. The main sub-processes are:

» Turbulence modeling
* Radiation modeling
» Combustion modeling

3.1.1 Turbulence modeling

There are three different main approaches to turbulence modeling [55]: Direct Numerical
Simulation (DNS), Reynolds Average Navier Stokes (RANS) and Large Eddy Simulation
(LES).

DNS captures all of the relevant scales of turbulent motion, so no model is needed for the
smallest scales. This approach requires extremely fine geometric grid and extremely small
time steps. The computing requirements for the direct simulation are thus phenomenal,
hence the need for other models to represent the smallest scales of fluid motion.

RANS is the oldest and the most widely used approach to turbulence modeling. With this
method, the velocities are split into a mean velocity component and a fluctuating part. The
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commercial code Ansys CFX [56] mainly based on a RANS model, has been used during
this thesis work (see Paper [D]).

LES is a technique in which the smaller eddies are filtered and are modeled using a sub-grid
scale model built on the Smagorinski model [57], while the larger eddies carrying energy are
simulated. Fire Dynamic Simulator (FDS) ([57], [58]) is a software developed by the
National Institute of Standard and Technology (NIST) [59] which uses LES to model
turbulence. FDS is widely used within the Fire Safety community, and was the main
simulation tool used during this thesis work. Therefore, the radiation and combustion
models described below are the ones featured in FDS.

3.1.2 Radiation modeling in FDS

Radiative heat transfer is included in the radiation model via the solution of the radiation
transport equation for a non-scattering gray gas. In a limited number of cases, a wide band
model can be used in place of the gray gas model. The radiation equation is solved using a
technique similar to a finite volume method for convective transport, hence its name: the
Finite Volume Method (FVM). Using approximately 100 discrete angles, the finite volume
solver requires about 15 % of the total CPU time of a calculation, a modest cost given the
complexity of radiation heat transfer.

3.1.3 Combustion modeling in FDS

The FDS software uses a mixture fraction combustion model for most applications. The
mixture fraction is a conserved scalar quantity, defined as the fraction of gas at a given point
in the flow field that originated as fuel. The model assumes that combustion is mixing-
controlled, and that the reaction of fuel and oxygen is infinitely fast. The mass fractions of
all of the major reactants and products can be derived from the mixture fraction by means of
“state relations”, empirical expressions are obtained by a combination of simplified analysis
and measurement.

3.2 Analytical study

One of the goals of this thesis work is to give an analytical description of the gravity wave
in the backdraft process. These analytical studies are based on the theory of stratified flow
to describe the wave inside the fire compartment and the critical flow approach for the vent
flow calculation.

3.2.1 Translatory wave in stratified flows

In order to determine the velocity and the thickness of the gravity wave, we use the
translatory wave theory [53], originally developed by Stoker [54]. Pedersen [55] has
studied the problem of stratified flows extensively, and stated that the conventional
equations of open channel flow can be applied to stratified flow, by exchanging the
acceleration of gravity g with a reduced acceleration of gravity Ag. A is called the
dimensionless reduced mass defined as: Ac= (pc-pn)/pe.

This approach is described in details in Paper [C], in the second part of this thesis. An
application example is discussed later in Section 5.1 of this document.
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3.2.2 Critical flow approach to vent flow calculations and the Froude
number

Essential problems such as the state and evolution of the fire or smoke filling and
evacuation depend on the flow through the opening to the fire compartment. The first
description and modeling of vent flow were carried by Kawagoe [60], assuming a “well
mixed” condition. Several studies have found that his model tends to overestimate the
actual vent flow, particularly for large opening. Precise descriptions can be found for
various shapes of openings, resulting from experiments ([61], [62], [63]) or from numerical
simulations [64].

The most widely known methods for calculating vent flows are the ones developed by
Emmons [65] which are also cited in the SFPE Handbook [3]. These formulas permit to
achieve numerical results in the case of well-mixed conditions, however this is not the case
in stratified conditions as the difference in interface elevation between the opening and the
room is unknown. This problem is eliminated by using the critical velocity approach.

In the SFPE Handbook [3], there are a few references to literature in hydraulic science.
However since their publication there has been some progress in hydrodynamics and
hydraulics, which has not found its way into vent flow formulas available to fire safety
engineers, especially in stratified flows. Paper [D] therefore introduces the concept of
specific energy and critical flow, and applies it to the vent flow in Gojkovic’s experiments
[19]. This concept assumes that the hot fluid flows freely out of the compartment, and
consequently passing the obstacle at the top of the vent requires minimum specific energy.
A short description of the theory of critical flow and its application to vent flow is presented
at the end of Paper [D].

The concept of specific energy and critical flow has been developed to study open channel
flow [66]. For a rectangular channel flow of depth y and discharge per unit width g = Q/b =
V.y, the specific energy is:
q2
E= 1
Y+ 1)

This energy is minimal for dE/dy = 0, referred as the critical flow condition, and the
corresponding depth called the critical depth ;.
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The combination of Eq. (3) and (4) leads to the Froude number:

Fr=—Ye 3 (5)
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33



The dimensionless Froude number is the ratio of inertial and gravitational forces that
describes the different flow regimes of open channel flow. These flow regimes depend on
the value of the specific energy, as shown in Figure 3.

A
y Constant g
y=E
T Subcritical
Yer Critical
l Supercritical
Emin E !

Figure 3: Specific energy E versus depth y. E is minimal at critical depth y,,

For E < Enin, there are no solutions, and thus such a flow is physically impossible.
For E < Emin, there are 2 possible solutions:

» Subcritical flow at large depth with VV <V, In this case Fr < 1.
» Supercritical flow at small depth with V > V,, In this case Fr > 1.

For E = Enin, the flow is critical and Fr = 1. This is an equilibrium state where the flow
requires minimum specific energy to pass over an obstacle.

As discussed in [27], the conventional equation of open channel flow can be applied to
stratified flow by introducing the reduced acceleration of gravity Ag. This gives the Froude
number in its densimetric form, characterizing a stratified flow:

\
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The densimetric Froude is particularly useful in describing the flow through an opening or
the characteristics of the gravity wave. It obeys the same rules for subcritical, critical and
supercritical flow described above.

Fry =

The reduced acceleration of gravity approach is used in Paper [C], in which a theory of a
three phases flow behavior for the description of the gravity wave behavior is developed.

3.3 Experimental flow measurement techniques

The variables most commonly measured to describe flow characteristics are pressure, flow
rate and velocity. Techniques for pressure and velocity measurements can be divided into
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two categories. In the first category, measuring instruments, for examples Pitot tubes or
hot-wire anemometers, are placed at certain locations in the flow. The second category is
based on marker methods, where identified particles are placed into the stream. By
recording and analyzing the motion of these particles, the velocity of the flow itself can be
deduced. The major advantage of using marker methods is that the flow field is not
disturbed by the presence of a probe or a wire support. A further advantage is that marker
methods provide excellent spatial resolution.

In this thesis work, undisturbed flow and excellent spatial resolution are essential
requirements. Two different measurements techniques have been used during this research
project, Laser Tomography and Particle Image Velocimetry (PIV). These are both optical
techniques based on recording movements of particles on a laser sheet. The tomography
gives an excellent qualitative description of the flow, while the PIV computes the velocity
vectors for each particle, allowing a quantitative description of the flow.

3.3.1 Laser Tomography

The term tomography refers to imaging by sections, which gives a diagnostic in a thin light
sheet created by a laser source. The method is used in medicine, archaeology, biology,
geophysics, oceanography, material science, astrophysics and other disciplines. In fluid
mechanics, tomography is mainly used to visualize the structure of flows.

Principle

The experimental set up typically consists of a laser source creating the light sheet and a
high speed camera, linked to a computer, for system control and data acquisition. Images of
tracers (seeding particles) are recorded as they cross the light sheet. The movement of the
flow is then characterized, providing that the recording between successive images is short
enough to show the displacement of particles. A typical layout for tomography is shown in
Figure 4.
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Figure 4: Typical experimental layout for tomography

Advantages and disadvantages

Laser Tomography is a non-intrusive method, as the added tracers (particles) cause
negligible distortion to the flow.

The time resolution is very good, allowing the capturing of very fast phenomena such as
turbulence and vortex formation. Typically, tomography gives excellent qualitative results,
even for very unsteady flow.

The outputs are movies files in .avi format, which are easy to visualize and can be read and
modified with various software programs.

The main disadvantage of this method is that it only gives qualitative results. There are
some possibilities to extract quantitative values by image treatment using software like
matlab, but this requires the use of quite complex programming methods.

3.3.2 Particle Image Velocimetry

Principle

Particle Image Velocimetry is a pattern recognition technique. The set-up typically consists
of a laser with sheet optics, one or two digital cameras, and a computer with a timer unit to
control the system and store the data. Velocity fields are measured in a planar 2D domain,
created by a laser sheet sectioning a flow seeded with particles. The measurement area
(visualization window) in this plane is cropped by the field of view of the camera(s). A
schematic view of the apparatus and its typical layout is shown in Figure 5.
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Figure 5: Typical experimental layout for PIV measurements (LaVision Davis [67])

The area of interest (visualization window) is illuminated by two consecutive, short-
duration light pulses (typically 10 nanoseconds to 100 microseconds) produced by the laser,
and the images are stored in two different frames in the same picture. The frames are then
subdivided into a certain number of cells called interrogation windows. The movement of
particles is then calculated by cross correlation of the pixel intensity in the interrogation
window between the 2 frames.
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Figure 6: Principle of PIV measurements using cross correlation between successive
frames

The correlation function is defined as

Condx,d2) = 3 L (X,2) X |y (X -+ 0X, 2 + l2) ©)

x=0,z=0
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loixx and I e are the image intensity of the first and second interrogation window and the
2D-array, C gives the correlation strength for all integer displacements (dx,dz) between the
two interrogation windows, while n is the size of the interrogation window and usually also
the size of the correlation plane, i.e. £n/2 is the maximum displacement computed.
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Advantages and disadvantages

As for Laser Tomography, PIV is a non intrusive method, as the added tracers (particles)
cause negligible distortion to the flow.

The main advantage of PIV compared to most of the measurements techniques is that this
method allows both quantitative and qualitative observations.

PIV measurements give a full description of the velocity field within the desired
visualization window. This allows direct comparison with velocity fields obtained by CFD
software.

The most significant disadvantage of PIV is the time resolution. The PIV camera used
during the experimental series carried out in this PhD work allowed a double frame
recording frequency of 2 to 4 Hz. This is sufficient for steady flows, but is clearly
unsufficient for unsteady flows. In these cases, an “outerleg” correlation needs to be
performed to check that the resolution time scale is smaller than the time scale of
turbulence.

Another disadvantage is the huge amount of output data obtained, which requires significant
data processing work. However, these results can be easily visualized using the commercial
PIV software used in experiments. For advanced post-processing, it is advisable to use
more complex mathematical tools, for example in this work the free toolbox PlIVmat to
extract in Matlab results from Davis [67].

The third disadvantage is that the quality of the output data is strongly dependant on the
quality and homogeneity of seeding. Obviously, if there are no particles in an interrogation
window at the time of recording, the resulting velocity within this particular window will be
zero.
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4  CFD SIMULATION APPLIED TO UNDER-VENTILATED FIRES
AND BACKDRAFT

As mentioned earlier in Chapter 3, CFD software allow the modeling of most of the sub-
processes involved in fires such as combustion, turbulence and radiation. CFD software is
very widely used in fire safety for the design of common buildings, in which potential fires
should be well-ventilated. A typical example would be the simulation of fire in a shopping
mall, in which the fire safety engineer can simulate flame spread, smoke movement, and
evacuation to name a few features, as well as test mitigation techniques such as the use of
sprinklers, evacuation routes or smoke evacuation by exhaustion system.

The case of under-ventilated fire and backdraft is less common as it involves special and
complex features such as incomplete combustion, extinction by oxygen exhaustion and, in
the case of backdraft, highly turbulent flow and gas mixing. Until recently, very little
research had been done on under-ventilated fires, and CFD software is still unsuccessful in
correctly simulating fire behavior in these very complex situations. A part of this thesis
work was to test FDS in strongly under-ventilated conditions and suggest recommendations
to improve the extinction model; this work is discussed in Paper [E]. Another important
part of this thesis work focused on the gravity currents and the mixing of cold and hot gases
(Papers [B], [C] and [D]), i.e. the gas dynamics of the backdraft process prior to ignition.

CFD modeling has also been used to test common fire-fighting tactics in a possible
backdraft situation, in order to demonstrate the capability of CFD to provide
recommendations for backdraft mitigation. Furthermore, CFD models can be a very useful
complement to classical fire-fighting training, as they demonstrate complex and dangerous
phenomena such as backdraft or flashover.

4.1 Combustion

FDS uses by default the mixture fraction combustion model, which is described in some
detail in [59].

At the beginning of this thesis work, the first attempts to simulate a backdraft clearly
pointed out that the combustion model would be a problem, as the model assumes that
“mixed is burnt”. More precisely, the combustion model is based on a single-step reaction,
with the physical limitation that it assumes that fuel and oxygen burn instantaneously when
mixed, without the need of an ignition source and irrespective of the amount of available
oxygen. This will be discussed in Section 4.3 which discusses the limitations.

In order to suggest solutions for improvements, it is necessary to identify the particularities
of under-ventilated fires. These are extracted from literature concerning under-ventilated
fires, strongly under-ventilated fires and former backdraft experiments. These particular
characteristics are listed below, and are described in greater detail in Paper [E].

» Obs. 1: Heat Release Rate is irregular ([68], [69]).
* Obs. 2: The flame is “crawling” for oxygen ([70], [71], [72]).
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» Obs. 3: The hot layer interface, calculated using the idealized 2-zone approximations
[73], is situated slightly above the burner surface ([4], [23]).

* Obs. 4: The flame is completely extinguished after a certain time, depending on the
available amount of oxygen. This is always observed in every backdraft experiments
(41, [22], [23]). Moreover, there is a Limiting Oxygen Index, noted LOI,
concentration level under which methane cannot burn (about 15 mol %).

Once these characteristics are identified, a first FDS model is set-up and results are then
compared to the previous observation. It appeared that the fire behavior in FDS didn’t
match these observations, resulting in a non natural fire behavior.

Various solutions were tested to improve the basic model, by creating successive models,
MO, M1 and M2, with the following improvements:

* Model MO: Basic model.
* Model M1: improvement step 1: Introduction of leakages.
* Model M2: improvement step 2: Introduction of leakages and forced extinction.

The following table shows the evolution of these FDS model, depending if their results
match to some degree the observations described above or not:

Table 1: Evolution of the FDS model

Model Obs.1 Obs.2 Obs.3 Obs. 4

MO no no no no
M1 yes yes yes no
M2 yes yes yes yes

The study by Sinai [74] highlights how leakages affect the fire behavior. They are very
important and should not be omitted by engineers or researchers while simulating a fire in a
confined area. Currently, the only way to control the extinction is to modify manually the
Limiting Oxygen Index when a certain level of oxygen is reached closed to the burner. A
possible solution could be to create a variable (LOI), that will automatically change for
certain conditions with respect to temperatures and oxygen concentration.

4.2 Gas dynamic and gravity currents

The major effort of this thesis work was concentrated on the study of gravity currents and
gas dynamic inside a building. This concerns movements of smoke and hot vitiated gases, or
how to prevent the formation of explosive atmospheres. Smoke venting is of major concern
in every fire situation, and especially in public buildings, where evacuation could be
compromised due to lack of visibility and the public therefore be in danger of inhaling
vitiated gases. The degree of difficulty of a fire-fighting intervention may also depend,
among other things, on the degree of visibility. The prevention of the formation of explosive
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atmosphere generally concerns industrial plants with potential explosive hazards such as
chemical plants, but also air-tight buildings or rooms open to the public such as saunas, in
which smoke gas explosions were reported to happen.

Several mitigation techniques of explosion hazards are based on forced or natural
ventilation. In the following section, we will discuss this matter by giving two examples, one
concerning the storage of hydrogen in an industrial plant, the other one concerning fire-
fighting tactics in a possible backdraft situation.

4.2.1 Hydrogen storage and mitigation techniques

The storage of hazardous substances is a major safety issue. A typical example is the
storage of hydrogen [75]. No CFD calculation for this situation has been carried out during this
thesis work. However, the author has obtained a postgraduate degree in hydrogen safety from
the University of Ulster, as part of his thesis work. Moreover, the use of hydrogen is rapidly
increasing as it has the potential to be a long-term alternative to petroleum-based liquid fuels in
some transportation applications, and Iceland has the ambition to become the first hydrogen
based economy. Hence, problems with hydrogen storage will become more and more common,
and design engineers should be aware of these mitigation methods and be able to simulate their
effect by means of CFD calculation.

Hydrogen brings together three major factors in the creation of explosive atmosphere
(ATEX), i.e wide flammability range, small minimum ignition energy and low density.
Prevention of damage by explosions in case flammable gases are released unintentionally is
regulated by the ATEX directive 1999/92/CE, relative to minimum requirements for improving
the safety and health protection of workers potentially at risk from explosive atmospheres
(ATEX).

Hydrogen removal techniques must be used whenever hydrogen is stored in a confined place, to
prevent the formation of an explosive atmosphere. These techniques are either ventilation or
inerting.

Ventilation is the most useful and common safety barrier to prevent the formation of explosive
atmospheres in such environments. The basic principle of ventilation is to bring fresh air into
a room and to remove the inside air (this aspect is sometimes called extraction), thereby
preventing the accumulation of explosive substances. The benefits of ventilation with
respect to control of explosive atmospheres are threefold:

* Ventilation prevents the accumulation of explosive gas, by removing it.

» Ventilation limits the size of explosive volumes by dilution with fresh air. In that case
it is sometimes called dilution ventilation.

» Ventilation limits the resident time of explosive atmospheres, since it is active for a
longer time than the duration of a leak of combustible gases.

Ventilation can be either forced (mechanical) or natural. The performance of natural
ventilation fluctuates since it depends heavily on climatic conditions, whereas mechanical
ventilation can provide a constant and controlled ventilation flow, and can be sized
appropriately. For natural ventilation to be effective, openings at ground and ceiling levels
should be provided, as it is driven by temperature differences, i.e. gravity currents similar to
the case of backdraft, and by wind or draughts.
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As far as mechanical ventilation is concerned, the main question to be answered when using
this measure as a protection barrier is how to size the ventilation rate, so that hazardous
explosive atmospheres cannot be formed in the event of non-catastrophic accidental leaks.
Sizing can be determined using “best practice” documents; or calculations based on
assumed leakage rates or based on the hydrogen leak detection sensitivity.

These best practices are always related to the volume of the room, but not the value of the
leak rate. Ventilation rates of 10 a.c.h (air changes per hour) are generally considered
adequate ventilation rates in normal conditions, and they should be increased to about 20
a.c.h in the event of an emergency (hydrogen detection).

Ventilation rates can also be calculated assuming a credible, non-catastrophic, leak rate, for
example by using the formula below, where hydrogen concentrations are assumed
homogeneous in the compartment:

100

Quent = ﬁ Qlea Ksafety (8)

where Quen IS the flow rate through the ventilation system and Qe is the flow rate through
leakages. LFL is the Lower Flammability Limit (25% in the case of hydrogen), and Kty IS
a safety factor, which in the case of hydrogen, should be either 4 to ensure that the steady
state concentration is 25% of the LFL, or 10 to ensure a steady state concentration level of
10% LFL.

In order to be effective, the ventilation rate needs to be adequately designed in terms of
technique and performance. CFD has proven to be very efficient for this purpose.

Inerting is an important way to prevent the formation of explosive atmosphere. It is defined
as the replacement of a sufficient proportion of oxygen contained in a gaseous atmosphere
by an inert gas, to make it impossible for the atmosphere to be ignited or a flame to
propagate. There are several methods of inerting systems where hydrogen is to be used and
the main ones are:

* Pressure swing or vacuum swing method: This involves pressurizing the system with
inert gas, and relieving the system back to atmospheric pressure. Vacuum swing is
based on the same principle, but involves the evacuation of a closed system and
restoration to atmospheric pressure by the admission of inert gas. It is useful where a
system can withstand vacuum but cannot withstand pressure.

» Flow-through method: this method is used where systems can be neither evacuated
nor pressurized, a flow-through technique can be used, it involves the replacement of
an oxidant by a continuous flow of inert gas into a system which is vented to
atmosphere. This is less efficient than the pressure swing or vacuum swing method,
and great care is required to ensure that adequate purging is achieved. A high flow
rate is required to ensure adequate mixing.

» Displacement method: this method relies on using an inert gas of significantly different
density to that which is to be purged, and where significant mixing does not take
place. It is used typically on the inerting of very large vessels, where it would not be
possible to ensure adequate mixing if an inert gas of substantially the same density
were to be used.
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As for ventilation, the efficiency of the inerting method depends on gas movements, and
CFD calculations are very useful in its design.

Natural ventilation is an application of the gravity currents, widely studied in this project.
Both methods are typical fluid mechanic problems that are worth being simulated using
CFD. Readers can find examples of CFD calculation concerning hydrogen safety in tunnels
or parking lots [76].

4.2.2 Evaluation of Fire-fighting tactics in a possible backdraft situation

A study was made to evaluate classical fire-fighting tactics in a possible backdraft situation
while arriving at the scene of an under-ventilated fire. The goal was both to present
recommendations for fire-fighters in a particular backdraft situation, and to demonstrate the
potential use of CFD simulation for evaluation or fire-fighters’ training. This study is
described in Paper [B]. The choice of tactics was based on the experience of one of the co-
authors, who has worked as a fire officer for over a decade. Then, the effectiveness of these
tactics in mitigating the danger of backdraft was estimated.

A basic scenario in a 3 room building is created and simulated. It is assumed that at the time
of the fire-fighters arrival, the fire has burnt for quite a long time and has died from lack of
oxygen. However, hot unburnt gases remain inside the building and the temperature and the
gas concentrations are uniformly distributed within the 3 rooms. When fire-fighters open the
front door, they allow fresh oxygen carried by the gravity current to enter and mix with the
hot gases thus creating a flammable mixture. If the flammable region reaches an ignition
source, a backdraft may occur. The danger of backdraft then depends on the thickness of
this flammable region and on the time it takes for the gases to be vented out of the building.
The effectiveness of each tactic regarding the mitigation of backdraft is estimated by
comparing these two parameters, thickness and venting time, with the basic scenario where
fire-fighters just open the door but do not take other actions. The chosen scenarios are:

» Scenario 1: Reference scenario where no action is taken.

» Scenario 2: A life saving operation where fire-fighters enter the building.

» Scenario 3: Natural ventilation of the building by opening a window at the back of the
building.

» Scenario 4A: Ventilation of the building using Positive Pressure Ventilation (PPV) at
low flow rate 3.73 m%s.

« Scenario 4B: Ventilation of the building using PPV at high flow rate 5.38 m’/s.

« Scenario 5: Incorrect use of PPV at high flow rate 5.38 m*s (No discharge opening).

» Scenario 6: Dilution of the unburnt gases, by use of water spray before opening the
door. Four different levels of dilution are simulated, from 25% to 10% of unburnt
gases.

The flammability envelope is bounded by the Upper (UFL) and Lower (LFL) Flammability
Limit. The limits considered in this study are assumed to be similar to those of methane’s,
i.e. LFL =5 (vol. %) and UFL= 15 (vol. %). In Figure 8, the red isosurface corresponds to
UFL and the blue to LFL, and the volume in between is the flammable region. Vertical
animated planar slices passing through the middle of each room display the values of
unburnt fuel concentration.
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Figure 8: Flammability envelope at 20 and 60 seconds after opening for scenarios 1
(reference), scenario 2 (natural ventilation) and scenario 3(ventilation with PPV)

Here, only an example of the effectiveness comparison of the three scenarios is given. The
comparison shows that natural venting (scenario 1) is rather efficient as the volume of the
flammability envelope has reduced after 60 seconds, when compared to scenario 1. This
comparison shows that PPV is very efficient in venting out gases (the building is almost
empty of flammable gases after 60 sec.) but induces a high level of mixing due to forced
flow during the first seconds. We can then conclude that using PIV increases the danger of
backdraft at the beginning but creates a safe situation within a short time. This information
can be crucial for fire-fighters.

4.3 Limitations and recommendations

The most important limitation to simulating the whole backdraft process with CFD software
comes from the combustion model, with the “mixed is burnt” process which assumes that
fuel and oxygen burn instantaneously when mixed. This is of course a huge problem when
trying to simulate backdraft. What happens is that prior to opening, the fire has died out of
oxygen, and the oxygen concentration in each cell inside the compartment is below the
Limiting Oxygen Index (LOI), below which combustion can not occur. When an opening is
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created, fresh oxygen will enter and its concentration in the first cell which receives this
fresh oxygen will rise above the LOI, creating a flammable mixture. The combustion model
will automatically assume burning in this particular cell. This process will occur in every cell
receiving fresh oxygen, and the flame will spread cell by cell. Consequently, when
simulating backdraft using the conventional FDS code, the burning will start right at the
opening, and move toward the compartments, without any ignition source. This “mixed is
burnt” problem hasn’t been solved yet, and researchers at NIST and in other research
groups are looking for improvements. Specialists and developers agree that actual computer
capacities are not sufficient enough to solve this problem in a satisfactory way at this point
in time.

Sub-grid simulation of extinction due to oxygen starvation or by introduction of a
suppression agent is still an area of research within the fire community. ldeas for
improvements have been discussed in the previous paragraph and in Paper [E], but the
development of a combustion model suitable for under-ventilated fires is still a challenge. A
detailed description of the combustion model is given in [57].

One of the particularities of under-ventilated fires is the incomplete combustion. The
production of unburnt gases, soot and dangerous products, such as carbon monoxide are
strongly dependant on the degree of incompleteness. Comparisons of various CFD
calculations with experiments give deceptive results, especially concerning gases having a
very small contribution in the mass balance. The reliability of gas measurements in the
experiments is often questionable as they are very sensitive to the measuring locations and
combustion conditions. It is consequently difficult to conclude on the CFD capability in
predicting accurately concentrations of combustion products in the case of strongly under-
ventilated fires. As inhalation of carbon monoxide is the main source of casualties in fire,
engineers and scientists should take special caution, considering for example very
conservative safety factors, while estimating combustion product from numerical
simulations.

FDS allows only rectilinear geometry, and therefore the shape and position of features such
as obstacles, probes or vent must match the rectangular mesh, otherwise FDS will
automatically adapt the size of the features component to the closest grid size. This might
require smaller or multiple meshes in case some features are small compared to the global
geometry, which often has to be approximated to fit the rectangular mesh size. Non-
rectangular features also have to be approximated to fit the mesh, for example a cylindrical
column will have to be divided into rectangles matching the mesh.

The use of FDS is limited to low-speed, with a Mach number smaller than 0.3. This
assumption rules out using the model for any scenario involving flow speeds approaching
the speed of sound, such as explosions, choke flow at nozzles, and detonations. In the case
of backdraft, the overpressure will make it possible for the flames to reach speeds up to 15
to 20 m/s. The speed of sound depends in dry air is given approximately by Vsung = 331.4 +
0.6T. If T = 100°C, so the Mach number will be roughly between 0.038 and 0.051. FDS
should then be suitable to model the flame spread during a backdraft, but this assumption
should be kept in mind while modeling complex fire related phenomena.
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5 THE ANALYTICAL MODEL

The goal of this chapter is to develop two analytical models that help describing density
driven flows in backdraft studies. The first model calculates the head velocity of the gravity
wave on a flat bottom within a compartment, and the second develops equations at the
opening, applying the critical flow theory to vent flow calculations. The results will be
compared in Chapter 8 to experimental results and results from a CFD model. Developing
analytical models has the advantage of presenting simple results that can easily be used for
engineering purposes and for fast estimation of the velocity of the wave, and consequently
the duration of the risk of backdraft after creating an opening in case of fire-fighting
operations. Simple analytical models also allow direct quantification of the main variables
driving the processes and therefore give an indication of the importance of each variable.

5.1 Gravity wave on a flat bottom

The model described here is based on classic hydraulic equations for two layer flows,
preliminarily developed to describe two layer flows in estuaries and fjords [51]. Pedersen
[53] stated that formulas from conventional open channel flows also apply to stratified
flows just by exchanging the acceleration of gravity g with a reduced acceleration of gravity
Ag.

The compartment is closed at the beginning, but then suddenly a window or door opens.
Cold air flows in and an equal amount of hot air flows out. When the door opens, the initial
pressure surge will quickly settle down and a neutral plane will develop near the middle of
the opening, with inflowing air below and outflowing air above it. The gravity wave will
then develop in three phases, provided the compartment is long enough. A time history of
the flow velocity is schematically shown in Figure 9.
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Figure 9: Time history of the flow velocity when air enters a flat bottom compartment

The evolution of the flow can be divided in three different phases. During Phase 1, the wave
accelerates from zero to full velocity. According to Stocker’s theory in [52], the second
phase is the translatory wave, moving with almost constant velocity. Finally, the third phase
is the retarding wave, when it looses momentum and slows down. During the first phase,
the friction is neglected, so the acceleration is linear. The average velocity is consequently
half of the maximum velocity, at the beginning of the second phase.
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During the second phase, the dense bottom current is treated as an open channel flow in a
gravity field Ag instead of g. Open channel flow equations have, as a solution, a translatory
wave with constant wave velocity equal to the water velocity. In this phase, we have a
translatory wave pushing the light fluid out, and slowly pushing the interface upwards. The
three following equations are used to analyze the flow:

» The depth integrated energy equation for the upper layer.
» The momentum equation for both layers.
» The momentum equation for the lower layer.

The solutions of these equations and the explanation of the symbols are described in detail
in Paper [C]. The outcome is a graphical method to determine the dimensionless wave
velocity C, and the dimensionless gravity current thickness on depth ratio v, knowing the
friction coefficients f; or C; or vice versa.

We consider the following dimensionless coefficients A and B, which represent the frictional
effect:
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Eg. (9) and (10) are both expressions of the dimensionless wave velocity, so this set of
equations has to satisfy the condition C,, = C, 4 and can be solved by iteration and used to
produce Figure 10:
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Figure 10: Couple (A,B) solution, and iso-values of C, satisfying the condition: C,,= C, 4

Figure 10 can be used to determine the velocity and the neutral height in the opening when
A and B is known, or to estimate A and B in experiments where the velocity and the neutral
plane position is observed.

As an example, let us consider a 50 m long corridor, 2.8 m high, filled with hot gas with
density 75% of air. A glowing wire acts as an ignition source at the far end. We want to
estimate the travel time of the wave from the opening to the ignition source, to check if
there is sufficient time for the fire-fighters to escape the fireball. From tables, we can
estimate C¢ = 0.003, f; = 0.013. The time to ignition of the fireball can be estimated as
follows:

B= 2£Cf = 220.003 =0.11
h 2.8

A=Ltf =0 0013-023
h 2.8
Figure 10 gives approximately y = 0.68 and C, = 0.43

/ 50
t = =
CayAgh  0.4370.25x9.82x2.8

=44 SecC.

This is a very rough estimation, but gives the fire-fighters idea of the time they have to open
the door and run for cover.

5.2 Flow at the opening

When the air wave comes flowing through a door or a window driven by a fixed density
difference, we have a situation where the opening regulates the flow into the room through
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formation of critical velocities in the opening. The inflow also depends on flow coefficients
that are due to boundary layer mixing and friction at the interface between the two fluids.
Such coefficients have to be extracted from experiments or numerical studies and generally,
one global correction factor between 0.6 and 0.7 is admitted in literature without further
research [77]. In this thesis work, a particular effort was made to discuss the physical
meaning and to determine the flow coefficients that suit our geometry and boundary
conditions. Our primary results were adjusted by comparing them with the data from
Fleischmann and McGrattan [4], who conducted experimental and numerical analysis of
gravity current prior to backdraft. In these experiments, the velocity profile was found very
different from the profiles based on pressure difference calculation [65].

The coefficients considered are a, due to uneven distribution of velocities, and C due to the
mixing and entrainment. By solving the depth-integrated energy equation for the hot layer
and considering the continuity equation, the average velocities Vo,n and Vo, can be
expressed as:

1 1 i Pc =P
V., . =C, |—Agl-————|h with A, =2¢_Fh 11
op.h h\/ah hg( 1+(Ph/Pc)1/3J h or (11)
1 1 i Pc—P
V,,.=C..|—A.g ——————~|h with A, =F¢ " 12
s \/ac g(1+(ph/pc)1/3J Pc (12

Where A, and A are the reduced acceleration of gravity for the hot and cold layer
respectively.

The detailed discussion concerning the correction coefficients are given in Paper [D]. A
reasonable estimation for a is found to a, = a; = 1.2. C is found to be a function of A, that
can be approximated by (with max. error = 3.2 %):

C, = Cy, = 0.6641A,21% (13)

A simulation is made with results from a simulation of Gojkovic’s experiments [20]
performed using Ansys CFX. These results are presented in Paper [D] and show that it is of
interest to determine these correction coefficients.
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6 EXPERIMENTS

This chapter describes experimental series carried out by the author at the Laboratoire de
Combustion et de Détonique of the CNRS in Poitiers, France. The goal of these
experiments was to characterize the gravity wave in detail, which has never been done in
backdraft studies before. An overview of the results is presented and discussed in this
chapter, and more complete results are compared directly with other methods in Chapter 8
of this thesis.

6.1 Goal of the experiments

Very few experimental studies on the backdraft phenomena have been carried out, due to its
complexity and dangerous character. Previous experiments have described the process of
the phenomena, relating the conditions prior to opening (temperatures, gas concentrations)
to the occurrence and intensity of backdraft, for various geometries ([19], [20], [22]). Apart
from the work of Fleischmann [21], who used probes to register velocities at the opening
and gave a qualitative description of the gravity wave, there has been very little description
of the gas dynamics and the mixing between opening and ignition, and this is clearly a gap in
the identification of the ignition condition. The experimental series aim to fill this
experimental gap and is the first one to study the gravity current leading to backdraft in
details by using state of the art experimental techniques such as Particle Image Velocimetry
or Laser Tomography. A reduced scale compartment was specially designed and built by the
author, and 87 experiments were carried out, testing two different opening geometries. The
temperature build-up inside the compartment is not performed by combustion but by heating
the air using a resistance, which allows a good control of the initial temperature. A second
set of experiments with combustion and backdraft is planned within the next months using
the same or similar apparatus.

This experimental work gives a very detailed picture of the gravity current, using two non
intrusive complementary techniques discussed in Chapter 3, the Laser Tomography for
qualitative results and the PIV mainly for a quantitative description. The goal of these
experiments is mainly:

» To validate experimentally the 3 phases flow theory assumed by the authors and the
average velocities of the flow (Papers [C] and [D]).

» To identify different turbulent structures, recognized from papers on turbulence [33]
from the pictures. This has not been done before in backdraft studies.

» To obtain a qualitative and quantitative description of the flow, which can be used to
calibrate and validate the results of the CFD modeling of these experiments. Once
validated against these results, the CFD model will be useful for more detailed
analysis and to estimate the efficiency of the mixing.
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6.2 Experimental design and procedure

6.2.1 Description of the experimental apparatus

The configuration of the experimental apparatus is shown in Figure 11. The experimental
apparatus is a reduced scale compartment, insulated using ISOFRAX panels and blankets,
and sealed with a refractory mastic and glass fiber braid seal. For flow visualization,
VITROCERAM heat resistant windows are on one side of the box and on the floor. This
has also the advantage of reducing friction. The compartment is small compared to
apparatus used in former backdraft experiments ([20], [21], [22], [23]). The choice for this
size was motivated by the spatial resolution capacities of the PIV camera. With these
dimensions, the entire opening and the thickness of the gravity current can be recorded by
the camera. The light sheet from the laser source goes though the middle of the
compartment, using the symmetry of the compartment.
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Figure 11: Sketch of the experimental compartment with different opening configurations

The two different opening configurations are described in Figure 11, with the removable
plate colored in grey. The opening covers the entire width of the front wall. In order to
visualize the gravity current, the light sheet must illuminate the lower part of the
compartment. Therefore, for the middle slot opening configuration, a slot covered by a
quartz window allows the light to go through the lower plate.
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A sketch of the complete experimental set-up is shown in Figure 12, with the temperature,
fan, opening, seeding control and the Argon continuous laser forming a light sheet. The
camera and the acquisition system are triggered simultaneously with the hatch opening.
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Figure 12: Schematic of the backdraft experimental apparatus
Table 2: Laser sources and acquisition systems
Vizualisation Laser source Camera Freq. Software
PIV Quantel Ultra Lavision 2to 4 Lavision
PIV30 Flowmaster Hz Davis 6.2
Tomography  Coherent Verdi Redlake 128  Motionscope
Motionscope PCI Hz PCI

The compartment is heated with a 3.2 kW electric heater automatically-controlled with a
thermocouple. A fan is installed on the ceiling, in order to homogenize the gas temperature.
There are two trees composed of three K-type thermocouples each, one near the
window/opening wall corner and one near the diagonally opposed corner, respectively at
0.100, 0.250 and 0.400 m below the ceiling, and at 0.1 m from the walls. A third
thermocouple tree is in the other corner near the opening, at 0.250 m below the ceiling. This
configuration allows checking the homogeneity of the temperature in both vertical and
horizontal direction. The thermocouple signals are acquired with a Keithley
2700/2701/2750 Multimeter.
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Figure 13 shows the front wall with the laser source and opening system. The plate covering
the opening is lifted by means of a system of chain and counterweight controlled remotely
by a step by step motor. The disadvantage of this system is the opening length time, which
is 1 second. The advantage is that the disturbance on the outside flow is limited compared
to a pivoting system. It was also necessary to lift the plate instead of dropping it in order to
allow the light sheet to enter through the quartz window, and to permit the bottom opening
configuration.

Seeding end
fitting

Opening system

Quartz window

Laser source

Figure 13: Front view of the experimental compartment (middle opening configuration)

Figures 14 and 15 show the other essential elements of the compartment apparatus, with
connections. Note that the apparatus was designed to be used also with combustion,
therefore, the top plate is not strongly fixed to serve as a pressure relief panel, and the rear
wall is in fact a methane burner covered by an isofrax plate. This plate and the heater could
easily be removed for a combustion configuration, which could be studied in future work.
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Fan

Thermocouple
for slave control

Electric
heater

Methane

burner
(not used in this
il config.)

partment (middle

Figure 14: Right vie .
opening configuration)

PIV requires the seeding of the flow by micrometrical particles. Due to the fact that some
temperatures in the enclosure are higher than the boiling temperature of most liquids,
zirconium oxide powder is used (see paragraph 6.2.2 below). The particle seeder uses an
endless screw to push powder in the air flow.

Seeding end Fan motor
fittings
Opening system
Connectors
for heater

Connectors for
thermocouples

Figure 15: Top view of the experimental compartment (middle opening configuration)

6.2.2 Choice of seeding

The choice of seeding is a delicate and crucial problem faced in measuring methods based
on particles. The quality of the results depends strongly on the seeding quality, which
should be carried by the flow and disturb it as little as possible, but still be thick enough to
be visualized and radiate the light from the laser. Depending on the visualization case, it is
necessary to seed the incoming flow, the outcoming flow or both. Several methods were
discussed or tested, and finally zirconium oxide powder was selected. Table 3 shows the
advantages and disadvantages of different seeding materials.
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Table 3: Advantages and disadvantages of different seeding materials

Material Advantages Disadvantages

Cigarette - Easy to implement - Particles are too thin to radiate light
smoke - Negligible flow disturbances

Sawdust - Easy to implement -Risk of particles ignition

Water - Easy to implement -High absorption level of laser light
Droplets - Homogeneous seeding -Behavior strongly dependant on

temperatures. Evaporation at
temperature >100°C.

Zirconium - Easy to implement - Process of injection can induce
powder - Excellent resistance to high disturbances (necessity of delay
temperatures between injection and opening)

After an initial investigation, both cigarette smoke and sawdust were eliminated, as the
disadvantages cited in Table 3 made their usage either impossible to this kind of study or
hazardous. Water droplets were tested, but due to evaporation, it was only possible to seed
the incoming cold flow. Moreover, even if the temperature of the gravity current is below
the evaporation temperature, it is not necessarily the case of the mixed flow at the interface,
which could consequently not be characterized. Furthermore, the absorption level of water
droplets made them impossible to be visualized everywhere in the compartment, as shown in
Figure 16 where the waterfall is visualized for the same inner initial temperature. In Figure
16.a, the incoming flow is seeded with water droplets. It is clear that all the light close to
the front wall, is absorbed and half the visualization window is just dark. As a consequence,
the wave moving towards the compartment cannot be observed. In Figure 16.b, the hot
inside air is seeded with zirconium powder. In this case, the wave is observed on the entire
window. Observations of the flow at different positions inside the compartment confirmed
that seeding the hot air with zirconium was the most suitable way to visualize the gravity
wave in the entire compartment. Therefore, this method was used during all the
experiments.

Figure 16: Visualization of the waterfall in middle opening configuration and T, = 150°C
2 seconds after opening, with the cold flow seeded with water droplets (16. a, left) and hot
flow seeded with Zirconium powder (16. b, right)
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6.2.3 Control variables and visualization windows

The control variables of these experiments are two different openings and eight different
initial temperatures inside the compartment.

The two openings that are studied are middle slot and bottom slot opening, 160 mm high
and 410 mm wide. Openings that cover the entire width of the compartment were chosen to
avoid transversal flow that could be created by the boundary layer of the vertical sides of
the openings and thus affect the movements of particles through the light sheet. With this
geometry, the light sheet is the symmetry plane of the compartment, and the flow is mainly
longitudinal.

The initial (hot) temperatures inside the compartment noted T, that are tested are 50, 75,
100, 125, 150, 175, 200 to 225°C. The ambient (cold) temperature T, in the laboratory is
20°C. This is quite a wide range of temperatures, and despite all the efforts to seal the
compartment, it was very difficult to reach homogeneous temperatures higher that 225°C.

The characteristics of the different runs are described in Table 4 for the middle opening
configuration and in Table 5 for the bottom opening configuration.
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Table 4: Characteristics of the experimental runs in middle opening configuration

run  name Th visu window time Freq. Seeding
(°C) (s) (Hz) in out
1 Tom-M-OP_T50 50 tomo OP 10 125 yes no
2 Tom-M-OP_T100 100 tomo OP 10 125 yes no
3 Tom-M-OP_T150 150 tomo OoP 10 125 yes no
4 Tom-M-OP_T200 200 tomo OP 10 125 yes no
5 Tom-M-OP_T225 225 tomo OoP 10 125 yes no
6 Tom-M-BA_T50 50 tomo BA 10 125 yes no
7 Tom-M-BA_T100 100 tomo BA 10 125 yes no
8 Tom-M-BA_T150 150 tomo BA 10 125 yes no
9 Tom-M-BA_T200 200 tomo BA 10 125 yes no
10 Tom-M-BA_T225 225 tomo BA 10 125 yes no
11 PIV-M-OU_T50 50 PIV Oou 15 4 yes yes
12 PIV-M-OU_T75 75 PIV ou 15 4 yes yes
13 PIV-M-OU_T100 100 PIV Oou 15 4 yes yes
14 PIV-M-OU_T125 125 PIV ou 15 4 yes yes
15 PIV-M-OU_T150 150 PIV Oou 15 4 yes yes
16 PIV-M-OU_T175 175 PIV ou 15 4 yes yes
17 PIV-M-OU_T200 200 PIV ou 15 4 yes yes
18 PIV-M-OU_T225 225 PIV ou 15 4 yes yes
19 PIV-M-OP_T50 50 PIV OP 10 2 yes yes
20 PIV-M-OP_T75 75 PIV OoP 10 2 yes yes
21 PIV-M-OP_T100 100 PIV OoP 10 2 yes yes
22 PIV-M-OP_T125 125 PIV OoP 10 2 yes yes
23 PIV-M-OP_T150 150 PIV OoP 10 2 yes yes
24 PIV-M-OP_T175 175 PIV OoP 10 2 yes yes
25 PIV-M-OP_T200 200 PIV OoP 10 2 yes yes
26 PIV-M-OP_T225 225 PIV OoP 10 2 yes yes
27 PIV-M-WF_T50 50 PIV WF 125 2 yes yes
28 PIV-M-WF_T75 75 PIV WF 125 2 yes yes
29 PIV-M-WF_T100 100 PIV WF 125 2 yes yes
30 PIV-M-WF_T125 125 PIV WF 125 2 yes yes
31 PIV-M-WF_T150 150 PIV WF 125 2 yes yes
32 PIV-M-WF_T175 175 PIV WF 125 2 yes yes
33 PIV-M-WF_T200 200 PIV WF 125 2 yes yes
34 PIV-M-WF_T225 225 PIV WF 125 2 yes yes
35 PIV-M-FL_T50 50 PIV FL 10.8 3.7 yes yes
36 PIV-M-FL_T75 75 PIV FL 10.8 3.7 yes yes
37 PIV-M-FL_T100 100 PIV FL 10.8 3.7 yes yes
38 PIV-M-FL_T125 125 PIV FL 10.8 3.7 yes yes
39 PIV-M-FL_T150 150 PIV FL 10.8 3.7 yes yes
40 PIV-M-FL_T175 175 PIV FL 10.8 3.7 yes yes
41 PIV-M-FL_T200 200 PIV FL 10.8 3.7 yes yes
42 PIV-M-FL_T225 225 PIV FL 10.8 3.7 yes yes
43 PIV-M-BA_T50 50 PIV BA 15 2 yes yes
44 PIV-M-BA _T75 75 PIV BA 15 2 yes yes
45 PIV-M-BA_T100 100 PIV BA 15 2 yes yes
46 PIV-M-BA _T125 125 PIV BA 15 2 yes yes
47 PIV-M-BA_T150 150 PIV BA 15 2 yes yes
48 PIV-M-BA _T175 175 PIV BA 15 2 yes yes
49 PIV-M-BA_T200 200 PIV BA 15 2 yes yes
50 PIV-M-BA T225 225 PIV BA 15 2 yes yes
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Table 5: Characteristics of the experimental runs in bottom opening configuration

run  name Th visu window time Freq. Seeding
(°C) (s) (Hz) in out
51 Tom-B-OP_T50 50 tomo OP 10 125 yes no
52 Tom-B-OP_T75 75 tomo OoP 10 125 yes no
53 Tom-B-OP_T100 100 tomo OP 10 125 yes no
54 Tom-B-OP_T125 125 tomo OoP 10 125 yes no
55 Tom-B-OP_T150 150 tomo OP 10 125 yes no
56 Tom-B-OP_T175 175 tomo OP 10 125 yes no
57 Tom-B-OP_T200 200 tomo OoP 10 125 yes no
58 Tom-B-BA_T50 50 tomo BA 10 155 yes no
59 Tom-B-BA_T75 75 tomo BA 10 125 yes no
60 Tom-B-BA_T100 100 tomo BA 10 125 yes no
61 Tom-B-BA_T125 125 tomo BA 10 125 yes no
62 Tom-B-BA_T150 150 tomo BA 10 125 yes no
63 Tom-B-BA_T175 175 tomo BA 10 125 yes no
64 Tom-B-BA_T200 200 tomo BA 10 125 yes no
65 PIV-B-OU_T50 50 PIV Oou 10 4 yes yes
66 PIV-B-OU_T75 75 PIV ou 10 4 yes yes
67 PIV-B-OU_T100 100 PIV ou 10 4 yes yes
68 PIV-B-OU_T125 125 PIV ou 10 4 yes yes
69 PIV-B-OU_T150 150 PIV ou 10 4 yes yes
70 PIV-B-OU_T175 175 PIV Oou 10 4 yes yes
71 PIV-B-OU_T200 200 PIV ou 10 4 yes yes
72 PIV-B-FL_T50 50 PIV FL 14.3 2.8 yes yes
73 PIV-B-FL_T75 75 PIV FL 14.3 2.8 yes yes
74 PIV-B-FL_T100 100 PIV FL 14.3 2.8 yes yes
75 PIV-B-FL_T125 125 PIV FL 14.3 2.8 yes yes
76 PIV-B-FL_T150 150 PIV FL 14.3 2.8 yes yes
77 PIV-B-FL_T175 175 PIV FL 14.3 2.8 yes yes
78 PIV-B-FL_T200 200 PIV FL 14.3 2.8 yes yes
79 PIV-B-FL_T225 225 PIV FL 14.3 2.8 yes yes
80 PIV-B-BA_T50 50 PIV BA 14.3 2.1 yes yes
81 PIV-B-BA_T75 75 PIV BA 14.3 2.1 yes yes
82 PIV-B-BA_T100 100 PIV BA 14.3 2.1 yes yes
83 PIV-B-BA_T125 125 PIV BA 14.3 2.1 yes yes
84 PIV-B-BA_T150 150 PIV BA 14.3 2.1 yes yes
85 PIV-B-BA_T175 175 PIV BA 14.3 2.1 yes yes
86 PIV-B-BA_T200 200 PIV BA 14.3 2.1 yes yes
87 PIV-B-BA_T225 225 PIV BA 14.3 2.1 yes yes

Figure 17 shows the location of the visualization panels, outside (OU), opening (OP),
waterfall behind the middle slot (WF), floor (FL) and back of the enclosure (BA) for the
middle opening configuration. Figure 18 indicates the panel for the bottom opening
configuration. The subscripts indicate the type of visualization, i.e. PIV (p) or tomography
(t) or both (p,t) for each window. Their coordinates, relative to the origin situated at the
front on the compartment on floor level are shown in Table 6. The panels are visualized
from the side of the compartment, through the visualization window (see Figure 11).
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Figure 17: Position of the visualization windows in the middle opening configuration
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Figure 18: Position of the visualization windows in the bottom opening configuration
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Table 6: Position and size of the visualization windows

Case window  position visu Xmin Zmin (Mm) Xmax Zmax
(mm) (mm) (mm)

OuU, outside PIV -121 170 -10 345

OP, opening PIV 10 172 224 345

2 WF, waterfall PIV 10 10 219 179
S FL, floor PIV 271 10 510 104
= BA, back PIV 323 22 540 197
OP; opening tomo 10 120 279 355

W waterfall tomo 10 10 276 243

ou’, outside PIV -103 0 -10 165

£ FL’, floor PIV 139 40 381 194
= BA’, back PIV 298 10 540 206
o0 OP’; opening tomo 10 10 308 270
BA’; back tomo 241 10 540 270

6.2.4 Experimental procedures

For temperature build-up, the desired initial hot temperature inside the compartment Ty, is
entered into the slave command, and both heater and fan are turned on. The temperature
homogeneity is considered acceptable when all of the 7 thermocouples are within a range of
Th £ 10 %. The heater and fan are turned off and a 10 second delay is given to get a
damping of the convective flow. A puff of air is injected into the seeding system during 2
seconds to form a cloud of particles at the enclosure entrance. The hatch is then opened,
triggering the laser source and the image acquisition.

6.3 Experimental results

The experimental results discussed in this section are mainly qualitative, as the main interest
of quantitative results is to compare them directly to the CFD and analytical models.
However, some examples of results for both tomography and P1V are shown and discussed.

6.3.1 Qualitative results

As discussed in the previous sections, the main advantage of tomography is that it gives
excellent qualitative results. Generally, these results show that the flow is very unsteady
with a lot of turbulent structures, and the same type of structures can be observed for all the
different temperatures. Typically, we can observe the same structures and entrainment
process as are observed in fjords or deltas [53]. The most interesting features enhancing the
mixing between the hot and cold layer are detailed in Figures 19 to 21.

Figures 19 to 21 show instantaneous tomography images respectively on panels OP; and
WF; and OP; for experiments performed with T, = 100°C. The observed main
characteristics will be referred to as Obs. in the figures and text. In Figure 19, only the
inside flow is seeded. This figure shows the formation of small scale pair of counter rotating
vortices (Obs 19.1) between cold entering air and hot inside air. The time resolved
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sequences of images shows successive vortex coalescence process where pairs of Van
Karman vortices are ingested in a single large vortex [53]. Other visualizations have shown
pulsating disturbances at the opening despite minimizing air disturbance in the room. Figure
20 shows the evolution of the waterfall. A 3D recirculation zone is formed behind the step
(Obs 20.1), and two different free boundary layers creating vortex entrainments can be
observed. One is due to the shear friction between the cold layer and the recirculation zone
(Obs 20.2) and the other one is due to shear friction between hot and cold layers (Obs.
20.3). The disturbances are very similar to vortices in turbulent coaxial jets [78].The wave
detaches itself from the waterfall in a pulsating mode which enhances the flow mixing (Obs.
20.4). Figure 20, for hatch at the floor level, shows the formation of a more standard and
steady wave with vortices (Obs 21.1) with different stages of cusp entrainment (Obs 21.2).
These vortices are typical of Kelvin—-Helmholtz instabilities [79] where two fluids in parallel
motion with different velocities and densities will yield an unstable interface. This flow
phase is rapidly affected by the rebounded wave on the rear panel (Obs 21.3).

Top of opening Obs 19.1

Bott. of opening

Figure 19: Tomography Tom-M-OP_T100 at t = 2, 4.2 and 6.4 sec. after opening (left to
right)

Bott. of opening Obs 20.3 Obs 20.3

Obs20.1  Obs202  Obs20.1 Floor Obs 20.4
Figure 20: Tomography Tom-M-WF_T100, t = 2.2, 4.6 and 6.4 sec. after opening (left to

right)
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Top of opening Obs 21.2

Obs 21.1 Floor Obé 21.3

Figure 21: Tomography Tom-B-OP_T100, t = 1.2, 2.4 and 4.2 sec. after opening (left to
right)

6.3.2 Quantitative results

The following PIV results show the velocity fields at the opening for T, = 100°C (Figure
22) and Ty = 200°C (Figure 23), from 3 to 10 seconds after hatch opening, in middle
opening configuration (cases PIV-M-OP_T100 and PIV-M-OP_T200). The velocities of
the cold fluid are roughly between 0.4 at 0.6 m/s in Figure 22 and 0.5 to 0.8 m/s in Figure
23. A clear mixing zone can be observed in both cases at the interface, with entrainment and
recirculation, as indicated by the oval shape on the figures. This zone seems wider with
higher temperatures.

Generally, PIV results confirm the very turbulent behavior of the gravity wave. The most
interesting results to be extracted from these experiments are the flow at the opening and
the velocity of the head of the gravity wave. These results will be displayed and compared
directly with CFD and analytical results in Chapter 8 of this thesis document.

6.3.3 Discussions and recommendations

These experiments give a complete picture of the flow driven by density difference in a
reduced scale compartment. The advantage of choosing a small scale apparatus and to
choose to heat the compartment with a heater instead of combustion is that it allows an
important number of experiments, with well-defined initial conditions to be carried out.

The quantitative results can be easily compared to CFD models and are essential for their
improvement, as well as for the development, calibration and validation of future CFD
models. However, the main limitation comes from the time resolution of the PIV used in
this study. As the phenomenon is very unsteady, the evolution of turbulent structures cannot
be easily described in a quantitative way. New experiments using fast PIV are scheduled by
Professor Most at the Laboratoire de Combustion et de Détonique within the next few
months, with a time resolution comparable to one used with the tomography.

The description of the velocity field is strongly dependant on the quality of seeding. As
shown in Figures 22 and 23, the cold flow is seeded only during the first seconds. A method
for continuous seeding outside the compartment that does not disturb the flow should be
investigated for improvements. However, at least the hot flow is well described, which
allows a good estimation of the flow rates as a function of the temperature difference.
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The fast tomography allows a good qualitative description of the gravity currents, showing
turbulent structures that have not be studied and observed in backdraft studies before.
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Figure 22: PIV results PIV-M-OP_T100, from 3 to 10 seconds after hatch opening
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Figure 23: PIV results PIV-M-OP_T200, from 3 to 10 seconds after hatch opening
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7 DESCRIPTION OF THE FDS NUMERICAL MODEL

In this chapter, a numerical model of the experiments discussed earlier in this thesis is
described. The results will be mainly described and discussed in Chapter 9, where they are
compared to both experimental and analytical methods developed in the previous sections.

7.1 Description of the model

A numerical model of the experiments was set-up using Fire Dynamic Simulator (FDS). The
geometry of the model is shown in Figure 24. The dimensions of the domain are
0.8x0.205x0.7 m® (LxWxH) with a mesh composed of 160x41x140 = 918400 cells
regularly spaced (spatial resolution = 5 mm). The domain is extended in front and on top of
the compartment, in order to simulate the flow correctly and prevent the pressure boundary
conditions from influencing the flow inside the compartment. Only half of the compartment
is modeled by using the symmetry of the compartment, applying the “MIRROR” function to
the plan y = 0.205 m, the same plan as the laser sheet in the experiments.

In order to simulate the opening, the hatch is composed of 32 removable obstacles. One
obstacle is removed every 0.032 seconds, from the bottom to the top of the opening. The
total opening time is 1.024 seconds, which is very similar to the experiments

I Symmetry
Front wall “1 | plane

< | Back wall

e
g 1 Visualization

window

Figure 24: FDS model of the experimental apparatus (middle opening configuration)

The initial conditions specified are the required hot temperature inside the compartment and
ambient (20°C) outside.
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The same control variables (i.e. opening configuration and inner temperatures) and the same
referencing system as in the experiments is used, e.g FDS-B-_T100 stands for the FDS run
in bottom configuration and T, = 100°C.

7.2 Visualization and measuring probes

The visualization software Smokeview [80] can display results from FDS, showing
quantities such as temperatures, densities, velocities, visibility, to name only a few. It also
allows shows 3D isosurfaces, boundary files and smoke movements.

It is also possible to record physical quantities at precise positions using the “devices” that
are similar to probes in experiments. The results from the devices can be opened in
Microsoft Excel. This allows a fast and easy comparison with experimental results.

In this model, the choice was to visualize the velocities, temperatures, densities and the
concentration of the hot fluid, on symmetry plan y = 0.205 m, which corresponds to the
visualization laser sheet in the experiments.

The fluid mixing is studied through the mixing fraction, defined as the ratio between the
mass concentration of hot and cold air f =Y}/ Y.. Mixing fraction f = 1 corresponds to the
zones where there is only hot air, and f = 0 corresponds to the inflow and ambient fluid.

Displaying the 3D isosurface for f = 1 allows the visualization of the the progression of the
gravity wave. Figure 25 shows this isosurface for cases FDS-M-_T150 and FDS-M-_T150
at 3 and 4.5 seconds after opening. In the middle opening configuration (Figure 25.a), the
progression of the wave is slower and more turbulent. The rebound on the back wall clearly
induces more turbulence and consequently more mixing in the middle than in the bottom
opening configuration (Figure 25b), where it behaves more as a classical hydraulic jump.

Figures 26 and 27 show the concentration of hot fluid in both configurations and for three
different temperatures. They clearly show that the traveling velocity of the wave increases
with increased temperature. However, viewing these figures, it is difficult to conclude on
the influence of density difference on the mixing. This will be discussed in detail in Chapter
9. The level of turbulence clearly increases in middle the opening configuration, due to the
disturbance created by the waterfall, and also the effect of the sharp boundary of the bottom
of the opening in this configuration.

The devices are specified in the FDS script before running the calculation. They are
positioned to record the velocity profiles at the opening and inside the compartment, on the
symmetry plane. This set-up allows making direct comparisons with the experiments. The
positions of these devices are indicated in Figures 32 and 37 in the Chapter 9 of this thesis.
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t = 3 sec. t = 4.5 sec.

FDS-M-_T150

FDS-B-_T150

Figure 25: Isosurface of mixing fraction f = 1, at 3 and 4.5 seconds after opening, in the
middle opening configuration (Figure 25. a) and in the bottom opening configuration
(Figure 25. b)

7.3 Advantages, disadvantages and recommendations

In this section, we will not discuss the accuracy of the numerical model, as this requires
comparison with experimental results, which will be the subject of Chapter 8. However, it is
interesting to discuss the possibilities offered by the numerical model, as well as its
limitations.

The major advantage offered by the numerical simulation is that is allows to make many
runs within a short time, thus testing various scenarios for example by changing the initial
conditions or the geometry. This takes little time and is not costly compared to experimental
studies. Another advantage is the possibility to record and display multiple scalar quantities
at every desired position within the numerical domain. In FDS, however, the quantities that
are to be computed must be specified before running the simulation.

A major limitation is due to the restriction of the rectangular mesh. In this case, the
geometry is rather simple and square, so this restriction does not have a major effect on the
model. It is worth noting that neither the electric heater nor the fan are modeled, as they do
not interact directly, in terms of obstacles, with the wave, except maybe the lower part of
the resistance with the rebound of the wave on the back wall. However, its influence is
considered negligible.

A more general discussion on the advantages, limitations and recommendations concerning
CFD models is presented in Section 4.3 of this thesis.
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FDS-M-_T50 FDS-M-_T125 FDS-M-_T200

t=1sec.

3 sec.

t

5 sec.

t

t=7 sec.

t =9 sec.

| | - Mixing fraction f

0 0.25 0.50 0.75 1

Figure 26: Concentration of hot fluid from 1 to 9 seconds after opening in the middle
opening configuration, for T, = 50°C (left), T, = 125°C (center), T, = 200°C (right)
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FDS-B-_T50 FDS-B-_T125 FDS-B-_T200

| | - Mixing fraction f

0 0.25 0.50 0.75 1

Figure 27: Concentration of hot fluid from 1 to 9 seconds after opening in the bottom
opening configuration, for T, = 50°C (left), T, = 125°C (center), T, = 200°C (right)
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8 COMPARISON OF CFD, ANALYTICAL AND EXPERIMENTAL
RESULTS

In this chapter, three methods will be compared: experimental, analytical and numerical.

8.1 Qualitative results

Qualitative results for experiments and simulation have been discussed separately in the
previous chapters. In this chapter a direct comparison of all three methods will be presented.

Qualitative results discussed in chapter 6.3.1 concerning tomography permitted the
identification of very characteristic turbulent structures. The simulation shows the same
vortex coalescence process where a pair of counter rotating vortices are ingested by a single
large vortex discussed earlier (see Figure 28). These vortices are roughly the same size,
although, in the simulation, they first appear further inside the compartment, as indicated by
the distances from the bottom of the opening to the center of the structure. In both cases,
these vortexes are then ingested into a single larger vortex.
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Figure 28: View of the flow on panel OP for T, = 100°C, for simulations after 3.5 sec.
(left), and tomography after 2.05 sec. (right). The position of the pair of vortices is shown
relative to the bottom of opening, and their sizes are indicated on the zoomed views
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An interesting structure shown by both simulations and experiments is the “mushroom
head” shape of the head of the current before it hits the bottom of the box, on the waterfall
visualization panel WF (see Figure 29). On each side of the head is a rotating structure
creating this particular shape, characteristic of a stationary jet flow. The vortex on the
internal side of the waterfall is roughly the same size in simulation and experiments. On the
external side of the waterfall, the simulation shows cusp entrainment with a well mixed
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structure which is a bit different from the vortex entrainment shown with the experiments.
In this case, as the cold fluid is going up, its kinetic energy is transformed in potential
energy. The cold fluid has then less kinetic energy for mixing, which explains the very clear
boundary between hot and cold fluid within the vortex. The vortex entrainment creates a
significantly smaller structure that the cusp entrainment, which is due to the difference in the
mixing efficiency. However, both types of entrainment create significant momentum
exchange and mixing. The flow of the wave immediately after the head and up to the
opening is significantly wider in the experiments. There is a strong entrainment of hot fluid
into these originally cold vortices. The behavior and the influence of these turbulent
structures will be discussed in detail in Chapter 9.

Figure 29: View of the flow on panel WF for T, = 50°C, after 1.45 sec. for simulations
(left) 2 sec. for tomography (right). The position of the pair of vortices is shown relative to
the bottom of opening, and their sizes are indicated on the zoomed views

Figure 30 shows results from tomography and FDS simulation, on 3 different panels (OP;,
WEF; and OP’) from 0.5 to 5 seconds after opening, every 0.5 seconds. The hot fluid
corresponds to the light grey seeded part on tomography and the red part on the FDS slides,
showing the temperatures. These results agree generally quite well together, at least for the
largest turbulent structures. These structures seem more coherent in the simulated flow,
especially at the beginning of the waterfall, where some parts of the cold flow are detached
from the head of the current. The mixing seems generally more efficient in the experiments.
For the bottom opening, the wave develops faster than in the experiments, with a wide
head, as in the case of a forced flow.

Experiments and simulations show similar characteristic turbulent structures, as shown in
Figures 28 and 29. The evolution in time also shows a similar behavior between experiments
and simulations. From a qualitative point of view, it can be concluded that there is a fair
comparison between experiments and simulation.
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Figure 30: Experimental and corresponding FDS results (temperatures) from 0.5 to 5
seconds after opening for different panels (see Figure 4) and T, = 100°C
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8.2 Quantitative results

8.2.1 Transit time

The transit time is defined as the time for the leading edge of the gravity current to reach the
wall opposite the opening. This is evaluated by observing pictures from PIV and FDS in the
middle opening configuration and, from PIV, FDS and tomography in the bottom opening
configuration. The results generally agree quite well together. In both the middle and the
bottom opening configuration, the transit time is shorter in the simulations. This difference
might be due to the higher mixing level in the experiments, consequently slowing the gravity
current. It might also be due to the fact that the temperatures are not perfectly
homogeneous in the experiments, with colder gases at the bottom, reducing the density
difference.
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Figure 31: Transit time for middle (PIV and FDS simulation) and bottom opening
configuration (PIV, FDS simulation and tomography)
8.2.2 Wave velocity inside the compartment

The velocity of the wave inside the compartment is recorded by a column of pixels in PIV
measurements creating a velocity profile and a thermocouple tree in FDS. The position and
spatial step of these measurement points are described in Figure 32 and Table 7 below.
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Figure 32: Position of measurement devices on Thermocouple tree THCP

Table 7: Position and spatial step of measurement points for wave velocity inside the
compartment

case step ref Step (mm)
PIV FDS
= X (m) 0.305 0.305
= dzo (mm) 10 10
dz (mm) 4.7 5
- X (m) 0.205 0.205
3 dzo (mm) 12 10
dz (mm) 4.7 5

Figures 33 and 34 show the profile of the maximum horizontal velocity component from z =
0 to z = 0.24 m (see Figure 32), for middle and bottom opening configuration respectively.
The time when the maximum U component is recorded by the THCP is shown on the
legend of each profile. This occurs faster in the FDS simulation than in the experiments,
which agrees with the observations from transit time. The width of the wave can be
determined by considering the point when the U velocity component becomes negative. In
the middle configuration, the width was found quite similar in both experiments and
simulations. However, in the bottom configuration, this width is significantly smaller in the
simulations (see Figure 33) and the boundary of the wave is more defined then in the
experiments. At this particular time step, the FDS model does not catch the unstable
interface with Kelvin-Helmholtz instabilities shown in Figure 21.
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Figure 33: Max. velocity profile on THCP, middle opening configuration, for T = 100°C
(left) and T = 150°C (right)
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Figure 34: Max. velocity profile on THCP, bottom opening configuration, for T, = 100°C
(left) and T, = 150°C (right)

We can observe that the maximum velocity is between z = 0 to 0.04 m from bottom,
corresponding to the leading edge of the wave. An average of the velocities on this vertical
range is considered in order to plot the velocity history of the wave, shown in Figures 35
and 36. The comparison of the numerical and experimental values shows that the velocity
amplitudes are in good agreement, although a time offset of approximately 0.7 seconds is
shown by the position of the maximum values.
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Figure 36: Velocity history, THCP 1 average from z = 0 to 0.04 m, bottom opening

configuration, for T, = 150°C

8.2.3 Interface and velocity at the opening

The velocity at the opening of the compartment is recorded by a column of pixels in PIV
measurements and thermocouple trees in FDS creating velocity profiles. The position and
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spatial step of these measurement points are described in Figure 37 and Table 8. In order to
overcome the problem due to non homogeneous seeding, the velocities in this part are taken
to be an average of the 3 pixel rows that are closest to the opening.

Figure 37: Position of measurement points at the opening of the compartment in the
middle (left) and in the bottom (right) opening configuration

Table 8: Position and spatial step of measurement points for wave velocity inside the
compartment

case panel step ref. step (mm)
PIV FDS

OUp dXout 4.2 5
% OUp dZout 4.2 5
S OP, dXop 4 5
= OP, dzop 4 5
OP, dXOgp offset 2 0
e ou’, dX’out 4.4 5
S ou’, dz’ out 4.4 5
o ou’, X’ Oout offset 1 0
ouU’, dz’ Ogut offset 2 0

As shown by the qualitative results, the flow at the opening is very unsteady. The height of
the interface depends on the influence of the opening, on the turbulent structures formed by
the friction between hot and cold flow, and the oscillating effect of the wave inside the
compartment.

FDS can estimate the layer height on a continuous vertical profile. The method is based on
the consideration of average temperatures from a continuous vertical profile of temperature.
If we consider a continuous function T(z) defining temperature T as a function of height z,
where z = 0 being the bottom of the opening and z = H its top, the conservation equation
gives:
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(h=Zip)Th +Zinc T = _[;T(Z)dz =1 (14)

where T, and T, the upper and lower layer temperature respectively, and z is the interface
height.

The conservation of mass (assuming perfect gas) gives:

1 1 h 1
(h_Zint)f‘*’ZintT_c—J.oﬁdZ—lz (15)

The interface can thus be expressed as:

T,(1,1, —h?
=20 (16)

l, +1,TZ - 2T.h
By letting T, be the temperature in the lowest grid cell and using Simpson’s Rule to perform
the numerical integration of 1, and I,, T, can be defined as the average upper layer
temperature via:

(h-2)Ty = [, Tz (17)

Further discussion concerning the determination of interface height can be found in [81].

Because of the unsteady behavior of the flow and the somewhat low frequency of the PI1V,
the results from tomography will be compared with the experiments. To achieve this, the
images are treated in Matlab. The column of pixels at the opening is selected and converted
into a binary black and white picture, the white pixels being the particles in the hot flow.
Then, the program browses the entire column and computes the distance between the
bottom of the opening and the lower white pixels, corresponding to the lower particle.

The results from FDS and tomography images treatment are compared in Figure 38, for Ty,
= 150°C. The interface height is constantly varying, confirming the unsteady behavior of the
flow. The effect of the opening is observed from 0 to 2 seconds, with important variations.
Then, the interface height is oscillating, but with a rather steady average on the period
between 2.5 and 7 seconds. This average value is shown in Figure 39 on the entire
temperature range. It shows that the interface height is significantly lower in the
experiments, which is also observed in Figure 38. This difference might be explained by the
calculation method used in FDS and where the software considers the boundary between
each layer, but it can also show that the mixing at the opening is more important in the
experiments. Particles are entrained from the hot flow into the cold flow, showing an
important mixed zone. The image treatment in Matlab considers that the lower part of the
mixed zone indicates the position of the interface. In reality, the interface should be in the
middle of this mixed zone.
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Figure 39: Average interface height zj,; for various temperatures (average from t = 2.5 to
7 sec.)

Figure 40 shows the evolution and mean longitudinal component of the velocity (U and W
stand for the horizontal and vertical velocity respectively and Vel stands for its norm) of the
hot layer at the opening for T, = 200°C. It shows an accelerating phase just after full
opening (from 3 to 7 sec. for T, = 75°C and 3 to 5 sec. for T, = 200°C). The velocity
fluctuations are damped after a few seconds and reach a constant value function of the T,
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values which allows the comparison of analytical and experimental average velocities.
Figure 41 compares these average velocities for various temperature differences. There is a
fair agreement between the results for the three methods, and tends to confirm the three
phases flow theory developed in Paper [C].
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Figure 40: Velocity history at the opening for T, = 200°C. Results from PIV measurements
(average on probes 6 to 10), FDS simulation (probes 4 to 8) and average velocity from
analytical study

Figure 41 shows the time average (on the steady period i.e. fromt = 2.5 to 7 sec.) of the
norm of velocity in the hot layer. This norm is spatially averaged considering a fixed value
of the hot layer.

83



Velocity U (m/s)

0.5

0.45

0.4

Olm

bE‘

0.35

0.3

» 0O

0.25

0.2

0.15

0.1 -

0.05 +

A PIV
o FDS

——Theory

0 T T T T T T T T
25 50 75 100 125 150 175 200 225 250
Initial Th (°C)

Figure 41: Average velocity as a function of the inner temperature. Average from t = 2.5
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Figures 42 and 43 show the velocity profiles for the hot layer at the opening, using results
from panel OP in Figure 16, at different times after opening. Fleischmann et al [21] first
observed a particular shape of the velocity profile. Guigay et al. suggested a profile similar
to potential flow in a 180 degree bend around a wall end (See Paper [D]). In that situation
the velocity obeys the relation Vi ~ 1/r. The equation for the potential flow equation
follows thus:

= é + Vmin (18)

\

The empirical constant A and the minimum velocity Vi have to be determined. Therefore,
they are calibrated by optimization of the variance between the experimental profiles
obtained by PIV. The same principle could be applied with numerical results from FDS,
giving another profile.

After calibration with experimental data, the following profiles shown in Figures 42 and 43
are obtained:

For T, =75°Cand t =3.75 s, Vi = -0.0051/r — 0.150
For T, = 75°C and t= 6.5 s, Vs = -0.0046/r — 0.110
For T, =200°C and t = 3 s, Vs = -0.0042/r — 0.260
For T, =200°C and t = 6.75 s, V¢ = -0.0046/r — 0.260
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Figure 43: Velocity profile at the opening (panel OP) for T, = 200°C after t = 3 sec. (left)
and t = 6.75 sec. (right)

Results show that the shape of the velocity profiles changes significantly during the period
between 3 to 6.75 seconds after opening, for both the experimental and numerical studies,
confirming the very unsteady behavior of the flow. Experimental and numerical data does
not agree very well, especially considering the width of the hot layer, i.e. from the top to the
point where the profiles cross the vertical axis. However, Figures 42 and 43 are snapshots
at particular times, and the time offset shown in Figures 35 and 36 can explain this
difference, along with the width difference shown previously in Figure 33.
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The potential flow profiles do not compare very well with the ones from the experiments,
especially 3 sec. after opening. However, this is improved after 7 seconds, where the
potential flow profiles are in good agreement with the profiles described by Fleischmann et
al. [4]. Nevertheless, in [4], velocities were measured using only 6 fixed probes for a 40 cm
opening, while using PIV allows such measurements at 40 positions for a 16 cm opening.
Additionally, results using PI1V allows the variation of the interface position to be taken into
consideration. Consequently, it is difficult to conclude on an analytical description of the
velocity profile at the opening.

8.3 Discussion

In this chapter, both qualitative and quantitative results from the FDS numerical model are
compared to the experimental results from both PIV and fast tomography. In addition,
quantitative results are also compared with an analytical description of the flow at the
opening.

Qualitative observations of results from tomography and from the numerical model show
that the flow is very unsteady, with turbulent structures creating an offset in both time and
position of the interface. These structures are very similar, even though tomography shows
vortex entrainment when simulations also show cusp entrainment (see Figure 59). Both
create a momentum exchange, but cusp entrainment is more efficient in the mixing process.
There is a very slight difference between cusp and vortex entrainment, and there have been
very few publications differentiating these two processes. The interested reader is referred
to Pedersen [55]. In order to avoid confusion, we will not differentiate the two processes
and only refer to vortex entrainment.

Quantitatively, the unsteady behavior, shown by the variation of interface position (Figure
38), velocity histories both at the opening (Figure 40) and inside the compartment (Figures
35 and 36), makes it difficult to consider velocities averaged over a certain range of time
after opening. However, these velocity histories seem to confirm a three phase behavior of
the flow, with an accelerating phase, followed by a quasi steady phase and finally a decaying
phase. It is possible to extract a significant mean longitudinal velocity for experimental,
numerical and analytical results. The agreement between the three methods is considered to
be fair concerning this mean longitudinal velocity at the opening. Comparison of
experiments and simulations of the wave velocity inside the compartment is also carried out.
Results agree generally well together, showing nevertheless a time offset of approximately
0.7 second. This offset is also shown by the comparison of transit times. The experimental
quantitative results are strongly dependant on the seeding quality and the low frequency of
PIV images, which limits the possibilities and the number of relevant mean velocity
measurements. This limitation is enhanced by the very unstable behavior of the flow.
However, there is generally a fair agreement between analytical, experimental and numerical
quantitative results.

Concerning the qualitative comparison, both experiments and simulations show the same
physical characteristics of the flow, with similar complex turbulent structures. The level of
turbulence is higher than anticipated, especially in the experiments. The friction between the
two layers seems therein somehow higher, with higher level of entrainment, which has the
tendency to slow the progression of the wave.
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From this comparison, it can be concluded that the physics of the phenomena is consistent
between the FDS model and experiments, despite the slight differences cited above. The
FDS model could be of course improved, but in general we can conclude that the FDS
results are validated by the experimental results. As discussed in Chapter 7, the advantage
of the numerical methodology is that it allows various visualizations and a more complex
diagnostic. Consequently, in the next chapter, the FDS model will be used to study the
turbulent structures previously identified and their role in the mixing process, in greater
details.
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9 ANALYSIS AND QUANTIFICATION OF THE MIXING PROCESS

The previous chapter has shown that the physics in the turbulent and mixing process on the
numerical model (FDS) is consistent with experimental observations. In this chapter, the
mixing induced by the turbulent structures and the vortices in the mixing process will be
discussed in detail using the numerical results.

9.1 Middle opening configuration

In this part, we follow the evolution of the flow just after the opening. In the case shown in
the following figures, the initial hot temperature is T, = 125°C, but note the same structures
and the same behavior law are observed with for every run within the studied temperature
range.

Just after the opening, at t = 0.7 sec., the head of the flow entering the compartment is a
mushroom shaped structure typical of a stationary jet (see Figure 44). This structure,
sometimes also referred to as “sinking bubbles” in fluid mechanics, is composed of two
counter-rotating coherent structures, one on each side of the flow. Figure 44 shows the
velocity vectors colored by the temperature. The 2 x zoom on the head (Obs. 44.1) shows
the hot fluid being entrained inside the vortices, creating important mixing. The temperature
in the core of the vortices is already close to (Ty-T¢) / 2 = 62.5°C conforming this important
mixing.

When the wave reaches the floor of the compartment, at t = 1 sec. (see Figure 45), the head
is broken, with the inner vortex (Obs. 45.1) moving toward the opening wall. At this time,
the outer vortex has already detached and created a coherent structure moving towards the
back wall (Obs. 45.2). This highly mixed vortex could be a real ignition threat, if it hits an
ignition source such as an electric spark or a hot surface.
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Figure 44: Velocity vectors colored by temperature in middle opening configuratuon and
Tn = 125°C, at t = 0.7 sec. after opening, with 2 x zoom on the head of the wave

Figure 45: Veloci
Th = 125°C, at t = 1 sec. after opening, with 2 x zoom on the inner and outer vortices
detaching from the wave

After t = 1.3 sec. (see Figure 46), the inner vortex moves up along the front wall creating a
recirculation zone where cold air is entrained from the main flow, cooling this zone (Obs.
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45.1). The outer vortex continues its way toward the back of the compartment, increasing
its core temperature by entraining hot fluid.

After t = 1.7 seconds (see Figure 47), the inner vortex hits the incoming flow and splits the
wave (with a detached pocket of cold air, Obs. 47.1), enhancing the mixing and the cooling
of the recirculation zone between the waterfall and the front wall. Meanwhile, the head of
the wave has gained in temperature and has almost reached the back wall.

The behavior of the wave after the rebound is shown in Fig, 25 in Chapter 7. It shows that if
the rebound creates an important mixing zone, there is a fast dilution in the lower part of the
compartment, creating a cold zone, while the upper part is still filled with hot fluid.
Following is a rather stable two-zone situation, with the hot fluid flowing out of the
compartment with critical condition at the opening.
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Figure 46: Velocity vectors colored by temperature in middle opening configuraton and

Tn = 125°C, at t= 1.3 sec. after opening, with 2 x zoom on the recirculation created by the
inner vortex
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breaking the main flow

9.2 Bottom opening configuration

In this section, we will discuss the flow after the opening. Figure 48 shows the temperature
contours at t = 1.6 sec. The head of the gravity wave is formed by a wide counter rotating
vortex, similar to the shape of the head of a forced flow (Obs. 48.1). The isotemperature T
= 40°C is shown in black. It indicates that the head remains rather cool until the wave hits
the back wall.

Figure 49 shows the wave when it reaches the back wall. Some mixing is created by the
rebound. Here we notice some Kelvin-Helmholtz instabilities (Obs. 49.1) observed by
tomography in Chapter 7, also responsible for some mixing. However, the mixing seems
generally less important than in the middle opening configuration.
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9.3 Quantification of the mixing

In this section, an attempt is made to estimate the mixing inside the compartment. To this
purpose, the values of the mixing fraction recorded in the FDS slice file .sf is extracted
using a short Fortran program fds2ascii.f which accompanies the FDS software. The values
of mixing fraction in every cell of the symmetry plane are extracted every 0.2 sec.

Here, in order to estimate the mixing efficiency, we study the number of cells N (%) inside
the compartment in which the mixing fraction f is between 0.4 and 0.6. This condition will
be referred to as N[0.4 <f < 0.6].

9.3.1 Middle opening configuration

Figure 50 shows the evolution of this number of cells as a function of time, for different
initial hot temperatures. The time when the wave hits the back wall (rebound) and when it
reaches the opening (back wave) is shown by the vertical lines, for T, = 100°C. The
intensification of mixing (max. slope of N(t)) is maximum between the rebound and the
back wave, and the peak value of mixing is just after the back wave, when the wave has just
bumped into the inflow, and enhanced the mixing. Figure 51 shows the time average on 10
sec. and maximum number of cells N[0.4 < f < 0.6]. It also shows the time the maximum is
reached, the time to rebound and the time to back wave. It shows that the mixing level is
maximum when the wave comes back. The maximum and average value of N show that the
mixing level is decreasing (except for Ty = 75°C) when the density difference increases. It
seems that the dominating cause for mixing enhancing is the effect of the 2 waves, inflow
and back wave, crossing and bumping into each other close to the opening rather than the
rebound on the back wall. Shortly after the time when the back wave occurs, the mixing
level drops and then oscillates around N = 5%.

It is interesting to note that the mixing process is much more intense and slower for T, =
50°C. In the case of higher temperatures, the mixing level reaches its maximum value
between rebound and back wave, showing that the rebound has more effect on mixing than
for higher temperature differences. The slow motion of the gravity wave gives more time
for the hot and cold layer to mix together and consequently the wave becomes thicker
before hitting the back, which explains the more effective role played by the rebound on the
mixing for this case.
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Figure 50: Time evolution of the number of cells N[0.4 < f < 0.6], for different initial
temperature (middle opening configuration)
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maximum, the time to rebound and back wave for different initial temperature (middle

opening configuration)
9.3.2 Bottom opening configuration

As previously for the middle opening configuration, Figure 52 shows the evolution of the
number of cells N as a function of time, for different initial temperatures. The time when the

95



wave hits the back wall (rebound) and when it reaches the opening (back wave) is shown by
the vertical lines, for T, = 100°C. Figure 53 shows the average over 10 sec. and maximum
number of cells N[0.4 < f < 0.6]. It also shows the time the maximum is reached, the time to
rebound and to back wave. From Figure 52, we can observe that N is quickly oscillating,
and that its maximum value is not necessarily reached at the first peak. Therefore, the time
to first peak is added in Figure 53. The time to N max (or to first peak) is closer to the time
to rebound, which is the dominating cause for mixing enhancing in this configuration.
Comparing Figures 51 and 53 shows that the mixing level is much lower in the bottom
opening configuration.

10

.  Tinit=50
Rebound on backwall Wave back at opening
(Tinit = 100°C) (Tinit = 100°C) 4 Tinit=100
81 |/ . © Tinit= 150
| 4 Tinit= 200
;\5\ I * *
— 6 = I
© o A *
o o | . AL
v A
v ar)l ooa I o ., .o
\%
< 4 QA | LLOPN 080 ‘ absd Ag .
o A A A A A A A o
‘2‘ AO A AQ IA A D . o A o7 a A A éé ég A
O A AT s ‘00: @Q A a o
o7 a It o A 4, . o .
5 ¢ 4 aan Pt 4
2 Fe3 2 A Y . l 3 ] I A A (o] -
A *
&, + | ¢ QQQQ oo
A *
g‘ 0“ I
4o
0 —4* | | | | | | | ‘ * |
0 1 2 3 4 5 6 7 8 9 10

Time after opening (s)

Figure 52: Time evolution of the number of cells N[0.4 < f < 0.6], for different initial
temperature (bottom opening configuration)
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9.3.3 Discussion

The evolution of the flow a short time after opening is studied in both the middle and
bottom opening configuration. In the middle opening configuration, the head of the cold
flow shows highly mixed turbulent coherent structures forming a mushroom or sinking
bubble-like shape. When the cold flow hits the floor, highly mixed vortices detach from the
flow and moving towards the compartment. These detaching vortices cold ignite in the back
of the compartment event though the wave still hasn’t reached the back wall. The
recirculation zone below the opening is quickly filled with cold fresh oxygen and should not
develop into a potential backdraft ignition region.

By studying the value of the mixing, the mixing intensity between the hot and cold layer and
its evolution in time can be estimated and quantified. With FDS, we can observe the
evolution of the mixed regions and determine where backdraft might occur.

The first observation is that the mixing level is significantly higher in the middle opening
configuration (N= 10 to 30 %) than in the bottom opening configuration (N=5 to 8%). The
time to maximum mixing is rather similar, roughly between 3 to 7 seconds depending on
density differences, in both configurations. The mixing level then drops, and, in a last phase
when the compartment is emptying, the mixing level oscillates. This oscillation period is
roughly 2 sec., which corresponds to the oscillating period of the wave with the maximum
value corresponding to the wave reaches the back wall.

The dominant source of mixing is depends on the opening configuration. When the opening
is at the bottom, the main source is the rebound of the wave on the back wall. In the middle
opening configuration, it is the bumping between the wave coming back from the wall after
rebound and the inflow that causes a great deal to the mixing.
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The mixing level is lower with higher density differences, as shown in Figures 51 and 53. It
can be concluded that mixing is damped by acceleration.

In this case, we chose to simulate the experiments exactly, i.e. using hot and cold air as
initial condition. A second model is created with a certain percentage of hot unburnt and
inert gases as initial condition. After the opening allowing fresh oxygen to enter, the
flammability envelope (where the concentration of unburnt gas is between its flammability
limits) and its evolution can be studied with the same principle as with the mixing fraction
applied in this section. Studying the evolution of the flammability envelope has been applied
to test fire-fighting tactics in Paper [B].
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10 CONCLUSION AND RECOMMENDATION FOR FURTHER
WORK

During this thesis work, experiments, CFD and analytical calculation were carried out to
study compartment fires and especially to characterize the gravity current and mixing
process that may lead to backdraft. The following are the main conclusions:

* Under-ventilated compartment fires can lead to very sudden and hazardous
phenomena, such as flashover, smoke gas explosion or backdraft. The last mentioned
phenomenon is probably the most complex. Previous studies have identified the
following conditions for backdraft to occur:

- Complete extinction of the fire by oxygen starvation.
- Mass fraction of unburnt fuel above a certain critical mass fraction
(approximately 10 %, depending on the type of opening).
- Sudden opening allowing fresh oxygen to enter carried by gravity current
and subsequent mixing with unburnt gases creating a flammable mixture.
- Presence of an ignition source.
From these observations and reviews of actual and former studies on backdraft, it was
decided to concentrate the research efforts mainly on the gravity currents and the
mixing process.

* In order to investigate the hydrodynamic process leading to backdraft, numerical
(CFD), analytical and experimental studies were carried out during this PhD work.
The CFD software used in this thesis work was Fire Dynamic Simulator (FDS), the
most widely used software for fire modeling. The analytical study was based on
equations from classical hydraulics and densimetric Froude number condition. State of
the art measurement methods such as Particle Image Velocimetry (PIV) and
tomography were used for the first time in backdraft studies to characterize the
gravity wave and the mixing process.

» The CFD technique has proven to be very useful when designing safer building or
when testing the effectiveness of fire-fighting tactics, as discussed in Papers [A] and
[B]. However, it is still not possible to correctly model incomplete combustion and
extinction due to oxygen starvation and there is still room for improvement. This
work has shown that by considering leakages and by forcing the extinction at a certain
oxygen concentration level (LOI), the strongly under-ventilated fire experiments
conducted within this work can be simulated in a reasonable manner. In FDS, the
combustion model assumes that fuel and oxygen burn instantaneously when mixed
and does therefore not allow the ignition and flame spread to be simulated well in the
backdraft process.

» An analytical model based on classical hydraulic equations for two layer flows was
set-up. It was developed from the open channel flow theory considering a reduced
acceleration of gravity. The gravity wave inside the compartment was characterized
by assuming a three-phase flow, acceleration, translatory and decay phase. A
graphical method is obtained by solving the depth integrated equation for both layers,
the momentum equation for both layers and for the lower layer, which allows
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estimating the travel speed of a gravity wave on a flat bottom. The flow at the
opening is calculated by considering the critical flow condition. This approach,
developed from the open channel flow theory, is new to the fire community. It adds a
new equation to the classical approach based on the Bernoulli equations and
consequently gives an explicit solution for vent flow for the stratified case, which
could not be achieved analytically without this additional equation.

Previous findings from Fleischmann and Mc Grattan [4] showed that the shape of the
flow at the opening was very different than the one suggested by Emmons [65] or
Karlsson [1] based on pressure difference calculation. This observation was confirmed
by series of experiments and CFD calculations carried out by the author during this
thesis work. He also suggested a description based on potential flow theory, as shown
in Figures 42 and 43. This particular shape of the flow is considered by introducing
two correction coefficients which take into account the mixing and entrainment at the
interface (C), as well as the uneven distribution of velocity (a). The coefficients are
calibrated using results from [4] and are validated by comparing the flow
characteristics obtained semi-analytically with simulations of Gojkovic’s experiments
[20]. This shows that the quantitative description of these correction coefficients was
reasonably accurate (see Paper [D]).

Experimental work was carried out during this PhD work to characterize the gravity
wave in detail. The flow was measured for various temperature differences and two
types of openings using PI1V and tomography, which are complementary non intrusive
measurement methods. The combination of these two methods gives a good
qualitative and quantitative description of the velocity field and the wave behavior.
The results show a very unsteady flow and a turbulence level higher than anticipated,
especially in the middle opening configuration. Different types of turbulent structures
or entrainment processes were observed for the first time in backdraft studies. Special
attention has to be given to the choice of the seeding, as it has a great influence on the
quality of the results. However, to obtain a more detailed quantitative description of
the coherent turbulent structures, it would be advisable to increase the PIV frequency
further than the 2 to 4 Hz, which was the maximum frequency allowed by the
experimental apparatus used by the author in the present work.

A CFD model of the experiments was set up using FDS. The main advantage of a
CFD model is that it allows running many cases at little cost compared to
experiments, and allows the measuring and visualizing of multiple scalar quantities.
However, it is essential to validate numerical results against experiments, which was
done in this work, by comparing with different experiments carried out by the author
and other researchers.

The results from the three methodologies, analytical, numerical and experimental,
were compared and they generally showed a good agreement. Qualitatively, the
results from the FDS model showed the same type of turbulent coherent structures
observed in the experiments, as shown in Figures 28, 29 and 30. Quantitatively, there
is a good agreement between the three methodologies concerning the mean
longitudinal velocity, as shown in Figure 40. The velocity of the wave inside the
compartment is slightly higher in the simulation than in the experiments, resulting in a
shorter transit time. However, as shown in Figure 31, this difference is quite small,
and might be due to the higher mixing level in the experiments, which slows the
progression of the wave. Differences in quantitative measurements are probably due
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to the very unsteady behavior of the flow and the low frequency of the PIV images.
Despite some differences, it was concluded that the physics of the phenomena was
consistent between the FDS model and experiments, thus validating the numerical
results.

» Once validated, the FDS model was used to investigate the mixing process between
the two-layers in greater detail, as well as ways to quantify this mixing were
considered. Results showed that coherent turbulent structures, such as counter
rotating vortices detaching from the waterfall in the middle opening configuration and
Kelvin-Helmoltz instabilities in the bottom opening configuration, played an essential
role in the mixing process. However, the mixing appeared generally less important in
the bottom opening configuration than in the middle opening configuration. In the
latter the first highly mixed detaching vortex could be a real ignition threat, if it were
to hit an ignition source. The mixing quantification showed a higher mixing level in
the middle opening configuration and that he dominant source of mixing was different
depending on the configuration. It also showed that the mixing level is lower with
higher density differences, as shown in Figures 51 and 53. It can be concluded that
mixing is damped by acceleration.

The particular problem of extinction and its numerical modeling is currently studied by
several research groups, and especially by the FDS group led by Kevin McGrattan at NIST.
The ignition and the spread of the backdraft are also studied by different groups. On the
other hand, the complex hydrodynamic process of the gravity wave and the mixing between
hot and cold fluid prior to backdraft still requires further efforts. Here is therefore a list of
possible orientations and recommendations for future research:

* New experiments should be conducted, with fast PIV (frequency 100 Hz), to get a
complete quantitative description of the turbulent structures observed qualitatively. It
should be kept in mind, however, that PIV creates a huge amount of data (the PIV
experiments presented in this document gave more than 20 Gbytes of data with a
frequency between 2 to 4 Hz only). It should therefore be recommended to limit the
number of runs to keep the amount of data to a reasonable minimum. The experience
gained from the first experimental series described in this thesis leads to the following
recommendations:

- A longer experimental compartment could be used, where the phenomenon
lasts longer without being disturbed by the rebound and the returning wave,
that disturb the inflow.

- The seeding of the flow should be improved and tested using fast PIV. New
types of particles and seeding procedures should be tested.

- Some experiments could include combustion and backdraft ignition.
However, for a matter of personal and material safety, it will not be possible
to observe any flow details, and such experiments will require considerable
financial efforts to satisfy the safety requirements for explosive experiments.

» Experimental results using fast PIV will permit statistical studies to be made as well as
measurements of the turbulence spectrum. An attempt to develop an interfacial shear
stress model has been carried during this thesis work, but due to the unsteadiness of
the flow, a better time resolution is required to collect sufficient data.

» A study of the gas concentration in each cell at every time step of the simulation could
determine where and when the highest probability of ignition is. However, a good
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mesh resolution and a small time step would be necessary to obtain significant results;
therefore this study will require some important computing efforts and capacities.

« The numerical model can be used to test the influence of the initial conditions or the
geometry on the gravity wave behavior and the resulting mixing by changing for
example the type of opening.

The field of under-ventilated fires still needs considerable amount of work with regards to
various areas such as combustion, turbulence and radiation to name a few. The conclusions
and recommendations for future work discussed above are given in respect to the work
carried out in this thesis.
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NOMENCLATURE

Latin letters

dz’ out
dz’Oout

Emin

Dimensionless coefficient. A=(L/h)f;

Width of channel

Dimensionless coefficients. B=2(L/h)C¢

Velocity correction factor due to mixing and entrainment
Velocity correction factor due to mixing and entrainment (cold layer)
Bottom friction factor

Velocity correction factor due to mixing and entrainment (hot layer)
Correlation function (PIV measurements)

Non dimensional wave velocity

Time step between consecutive light pulse

Displacement in horizontal direction

Displacement in horizontal direction (Panel OP)
Displacement in horizontal direction (Panel OU)
Original displacement in horizontal direction

Original displacement in horizontal direction (Panel OP)
Displacement in horizontal direction (Panel OU’)
Original displacement in horizontal direction (Panel OU”)
Displacement in vertical direction

Displacement in vertical direction (Panel OP)
Displacement in vertical direction (Panel OU)

Original displacement in vertical direction

Displacement in vertical direction (Panel OU”)

Original displacement in vertical direction (Panel OU”)
Specific energy

Minimum specific energy

Mixing fraction. f =Y,/ Y,

Interfacial friction factor

Froude number

Acceleration of gravity

Height of the opening

Integration function

Intensity of a pixel

Safety factor

Size in pixels of the interrogation window

Number of cells (Mixing fraction condition)

Discharge per unit width

Discharge

Flow rate through ventilation system

Flow rate through leakages

Distance to the top of the opening for potential flow theory
Time

Temperature
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Temperature of the cold layer

Temperature of the hot layer

Horizontal component of velocity

Velocity of the flow

Critical velocity of the flow

Minimum velocity in potential flow

Speed of sound depends in dry air

Average velocity of the cold layer at the opening
Average velocity of the hot layer at the opening
Velocity in potential flow

Norm of velocity

Vertical component of velocity

Horizontal coordinate

Depth of channel flow, lateral coordinate
Thickness of the cold layer at point n

Critical depth

Mass concentration of cold air

Mass concentration of hot air

Vertical coordinate

Greek letters

o

Velocity correction factor due to uneven distribution of velocity

Velocity correction factor due to uneven distribution of velocity (cold layer)
Velocity correction factor due to uneven distribution of velocity (hot layer)
Dimensionless reduced mass function

Dimensionless reduced mass. A; = (pc-pn)/pe

Dimensionless reduced mass. An = (pc-pn)/pn

Density of the cold layer

Density of the hot layer

Dimensionless gravity current thickness over depth ratio. v =y, ./h

Abbreviations

ATEX
B
BA
CFD
DNS
FDS
FL
FVM
LES
LFL
LOI
M
NIST
Obs
OP

Explosive atmosphere

Bottom

Back

Computational Fluid Dynamics
Direct Numerical Simulation
Fire Dynamics Simulator

Floor

Finite Volume Method

Large Eddy Simulation

Lower Flammability Limit
Limiting Oxygen Index

Middle

National Institute of Standard and Technology
Observation

Opening
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ou
PIV
PPV
RANS
SFPE
THCP
Tom
UFL
WF

Outside

Particle Image Velocimetry

Positive Pressure Ventilation
Reynolds Average Navier Stokes
Society of Fire Protection Engineers
Thermocouple

Tomography

Upper Flammability Limit

Waterfall
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Definition of a backdraft

There exists often some confusion among firefighters and fire safety engineers when
distinguishing between the different explosive phenomena that can occur in enclosure fires,
especially the phenomena called flashover, backdraft and smoke gas explosion. Since we
shall concentrate on the backdraft phenomena in this report, it is important to give a
definition of the term backdraft:

Limited ventilation can lead to a fire in a compartment producing fire gases containing
significant proportions of products of pyrolysis and of partial combustion. If these
accumulate then the admission of air when an opening is made to the compartment can
lead to a sudden deflagration. This deflagration moving through the compartment and out
of the opening is a backdraft.

Note that under-ventilated fires can lead to other dangerous phenomena that are worth
mentioning, even if they are not the subject of this report:

e Flashover, defined as a sudden transition to a state of total surface involvement in a
fire of combustible materials within a compartment.

e Smoke gas explosions, which may occur in compartments or sealed spaces at a
distance from the original fire compartment.

e The "blowtorch effect”, when a window breaks and flames are pushed out through a
vent at the other side of the compartment.

e Spontaneous fireballs and other such phenomena that may or may not fall in with the
definitions of the terms mentioned above.

A thorough survey of the literature concerning these phenomena has been carried out by
Chitty [1]. Dangerous phenomena in enclosure fires are described by Bengtsson [2].

Warning signs indicating imminent risk of backdraft occurrence

The task of IFA is to spread the knowledge on backdraft for fire brigades, and elaborate
recommendations for mitigating backdraft. Below are listed some indicators which, taken
together, should be regarded as warning signals of conditions which can produce a
backdraft:

Before a firefighter opens the door to the fire room, he should look for signs of an
underventilated fire. Therefore, the following points need to be taken into consideration:

e Fires in enclosed spaces with minimal ventilation, for instance, closed rooms or
spaces under the roof.
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Oily deposits on window panes, which is a sign that pyrolysis products have
condensed on cold surfaces.

Hot doors and windows, indicating that the fire has been burning a while, perhaps
with limited ventilation.

Pulsating fire gases from small openings in the room, which are a sign of under-
ventilated conditions. When the air enters the room combustion takes place, which
means that the oxygen runs out as the temperature rises. Then the temperature falls
slowly and when the pressure has dropped slightly the air can be sucked into the
room.

A whistling sound in openings, which may be related to the fire pulsating.

If the decision is made to enter, the firefighter must be on the lookout for the following
signs, particularly at the moment when he has opened the door to the fire room and looks
into the room. These signs, along with the others, can provide warning signals for an
imminent backdraft:

An orange glow or a fire which is not visible can indicate that the fire has been
burning a long time with a lack of oxygen.

Fire gases drawn back through the opening, indicating that an air current has entered
the room. Hot fire gases will leave the room, perhaps through another opening and
replacement air will be drawn in through the opening. It may seem as if the fire gases
are being drawn towards the fire.

The neutral plane is close to the floor.

A whistling sound may occur due to air being drawn in through small openings at
high speed.

Recommendations for the mitigation of a backdraft

The course of action to be taken during an ongoing operation is described below. The
firefighters must estimate the risks by thinking carefully about the following points:

Available manpower.

Available equipment for ventilation - both low-tech (e.g. axes) and high-tech (e.g
fans), both built-in installations (fans and roof vents) and equipment brought on fire
engines.

Accessibility of fire compartment - too high to be reached by ladders, in
basement, with or without windows to the outside world, on top floor of
building.

Likelihood of people being trapped inside the compartment (and of such
people still being alive)

How airtight is the structure? Are there any leaks at floor level? Is the room well
insulated?

What stage is the fire at? Fuel controlled or ventilation controlled? How long has the
fire been burning for?
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e How big is the fire load? The quantity of combustible material available and its
arrangement can determine the quantity of combustible gases. What type of material
are we dealing with?

e Where is the air inflow coming from during an operation? Has much turbulence been
generated? Turbulence can affect the fire’s development.

Depending on the risk and the operation’s objectives, fire fighters might adopt defensive
tactics, by either ventilation or gas cooling.

Ventilation must be facilitated as high up as possible to force out any unburnt fire gases. As
there is a build-up of positive pressure, it is important that there is a “clear path” out for any
backdraft which occurs. Otherwise, there can be a very large increase in pressure. Another
option is to cool down the fire gases. The best way to do this is without opening the room,
for instance, by using water mist or a cutting extinguisher.

In other situations, such as in a life-saving situation, rapid internal operations may be
necessary and rooms may have to be opened. In these scenarios there are two alternative
approaches:

e Open the door quickly. Cool down. Close the door quickly. Repeat this procedure
until the temperature and pressure in the room have dropped. One should note that
if the door is opened just for a couple of seconds this is enough for too much air to
get in, which could cause a backdraft.

e The BA (Breathing apparatus) firefighters crawl in and close the door behind
themselves as quickly as possible and cool down the fire gases. This method can
entail major risks for the firefighters. It is important not to get caught in the open
doorway. Apart from the risks being greater, it also helps to generate more
turbulence.

In some cases a positive pressure fan can be used for ventilation-controlled fires. But there
is still a great risk of the heat of the fire increasing as air can enter the room. Fans should be
used with great caution in a backdraft situation. Fans generate powerful turbulence, which
can cause the fire gases to mix, making then ignitable. The fire gases must be cooled down
before ventilation. Otherwise, there is a great risk that they will ignite. Using a fan can also
cause fire gases to be quickly removed from a room. Firefighters need to assess whether
fans should be used on a case-by-case basis. There is no definite answer on which choice to
make.

References:
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ABSTRACT

During the last decades, building codes have
been  shifting from  prescriptive  to
performance based, in order to comply with
the evolution of modern building design. This
approach strongly relates on the development
and performance of Computational Fluid
Dynamics (CFD) codes. This article
introduces briefly the fundamental principles
of Fire Safety Engineering and gives
examples of CFD use in the design of modern
buildings.

INTRODUCTION

Fire safety regulations can have a major
impact on the overall design of a building with
regard to layout, aesthetics, function and cost.
In the the last decades, the rapid
development  within  modern  building
technology has resulted in unconventional
structures and design solutions; the physical
size of buildings is continually increasing;
there is a tendency to build large underground
car parks, warehouses and shopping
complexes. The interior design of many
buildings with large light shafts, patios and
covered atriums inside buildings, connected
to horizontal corridors or malls, introduces
new risk factors concerning spread of smoke
and fire. Past experiences or historical
precedents (which form the basis of current
prescriptive building codes and regulations)
rarely provide the guidance necessary to deal
with fire hazards in new or unusual buildings.

At the same time there has been a rapid
progress in the understanding of fire
processes and their interaction with humans
and buildings. Advancement has been
particularly rapid where analytical fire
modeling is concerned. Several different
types of such models, with a varying degree

of sophistication, have been developed in
recent years and are used by engineers in the
design process.

As a result, there is a worldwide
movement to replace prescriptive building
codes with ones based on performance.
Instead of prescribing exactly which
protective measures are required (such as
prescribing a number of exits for evacuation
purposes), the performance of the overall
system is presented against a specified set of
design objectives (such as stating that
satisfactory escape should be effected in the
event of fire). Fire modeling and evacuation
modeling can often be used to assess the
effectiveness of the protective measures
proposed in the fire safety design of a
building. This paper will give a brief
introduction to the fundamental principles of
fire safety engineering design, describe how
CFD models have been developed to
simulate fires in buildings and give examples
of how CFD have been used when designing
relatively complex buildings with respect to
fire safety.

The need to take advantage of the new
emerging technology, both with regards to
design and regulatory purposes, is obvious.
However, the increased complexity of the
technological solutions requires higher levels
of academic training for fire protection
engineers and a higher level of continuing
education during their careers. Some
excellent textbooks ([1], [2]), and design
guides [3] have been produced for this
purpose. The National Fire Protection
Association (NFPA) has published a complete
handbook [4] which is a reference within the
fire protection community.

FUNDAMENTAL PRINCIPLES OF FIRE
SAFETY ENGINEERING
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The field of Fire Safety Engineering
encompasses topics from a wide range of
engineering disciplines as well as material of
unique interest to fire safety engineering. The
fundamental topics of interest have been
divided into the following five modules [5]:

e Fire fundamentals. This module provides
the basic chemistry and physics for the
understanding of fire.

e Enclosure fire dynamics. This module
gives an understanding of room fire growth
and spread mechanisms. It is of particular
interest in regards to fluid mechanics as it
deals among others on vent flows, heat flow,
ceiling flames and jets, smoke filling and
evacuation and venting.

e Active fire protection. This module deals
with the analysis and design of active fire
protection fires such as detection system,
automatic and manual suppression system
and smoke management system.

e Passive fire protection. This module
develops an understanding of the traditional
practices of the code approach to the
structural aspect of passive fire protection for
building.

e Interaction between fire and people.
People can interact with fire in many different
ways, e.g. they can cause fire ignition. The
movement of people and access of fire-
fighters are essential concerns to Fire Safety
Engineer.

It is not the scope of this paper to discuss
in details these different modules. The
performance based approach with respect to
building design will mainly deal with the
enclosure fire dynamics.

ENGINEERING
ENCLOSURE FIRES

The rapid progress in the understanding of
fire processes and their interaction with
buildings has resulted in the development of a
wide variety of models which are used to
simulate fires in compartments. The models
can be classified as being either deterministic
or probabilistic. Probabilistic models do not
make direct use of the physical and chemical
principles involved in fires, but make
statistical predictions about the transition from
one stage of fire growth to another. Such
models will not be discussed further here.
The deterministic models can roughly be
divided into three categories; CFD models;
zone models; and hand-calculation models.

MODELS FOR

CFD models for fire safety

The most sophisticated of the enclosure fire
models are the models based on

Computational Fluid Dynamics, often termed
CFD models. Engineering applications of
CFD involve not only fluid flow and heat
transfer, but can also involve features such as
combustion, phase change, multiphase flow
and chemical reactions. Classical examples
are furnaces or combustion engines.

The very wide range of application that
can be addressed by CFD is such that no
single CFD code can incorporate all the
physical and chemical processes of
importance. There exist therefore only a few
CFD codes that can be used for problems
involving fire. These, in turn, use a number of
different approaches to the subprocesses that
need to be modeled. Some of the most
important of these subprocesses are:

e Turbulence modeling

¢ Radiation and soot modeling

e Combustion modeling

This article will not describe in further
details the technique of CFD modeling. The
most widely used CFD code within the fire
research and engineering community is FDS
[6] (Fire Dynamic Simulator), a model for fire-
driven fluid flow developed by NIST [7]
(National Institute of Technology), appropriate
for low-speed, thermally-driven flow with an
emphasis on smoke and heat transport from
fires, which treats turbulence by means of a
LES (Large Eddy Simulation). However, other
CFD codes based on a RANS (Reynolds
Averaged Navier-Stokes) approach  of
turbulence modeling are also use in fire
modeling.

Two-zone models

A second type of deterministic fire models is
those that divide the room into a limited
number of control volumes or zones. The
most common type is termed “two-zone
models” where the room is divided into an
upper, hot zone and a lower, cold zone.
These are not discussed further here, but are
described in details in [8].

FIRE  SIMULATIONS IN
BUILDINGS

In this section, two examples of CFD
modeling in complex buildings will be
described, to demonstrate the interest and the
necessity of CFD in performance based
modeling, allowing much complex design
than when the prescriptive approach is used.
These two buildings, an office and a storage
building, have different requirements in term
of design fire, visibility, evacuation, etc. which
require different design solutions.

COMPLEX
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Fire Simulation in an office building

The building shown in this example is an
eleven floor office building, with a particular
and complex design. Its main feature is an
atrium linking the floors 1 to 9 creating a huge
open space. There is an offset in the opening
to the atrium (white part in the middle of the
building in Fig. 1) from floor to floor. The 10"
and 11" floors are separated from the 1% to
9" floor, and are modeled for visual
perspective. There are no smoke hatches in
this simulation.

Fig. 1. The 3D model with removed outer
walls

The structure is divided into a total of 6
different grids to make it possible to run the
simulations on multiple processors and thus
reducing the calculation time. The finer grids,
close to the fire, are composed of 0.25 m long
cells and the coarser grids, close to the top
are composed of 0.5 m long cells. The total
mesh in this simulation is thus composed of
almost 4.5 millions (4 499 200).

The fire is designed as a fast fire with the
maximum energy release rate assumed to be
15 MW, which is a conservative choice for an
office building. In a real fire the initial growth
is nearly always accelerating. A simple way to
describe this accelerating growth is to assume

that the energy release rate Qincreases as

the square of time. By multiplying the time
squared by a factor of a'; various growth

velocities can be simulated, andQas a
function of time could be expressed as:

Q =q-t?

(1)

The values of a for different growth rates
with corresponding type of occupancies

recommended by NFPA 204 [9] are shown in
Table 1.

Table 1: Fire growth rates for various
occupancies

i;gwth (kV\(/X/SZ) Type of occupancy

Ultra 0.19 Shopping and

fast entertainment centers

Fast 0.047 Schools, offices,
nursing homes, hotels,
etc.

Medium | 0.012 Dwellings, etc.

Slow 0.003

The evolution of a fire can be described as
shown in Fig. 2:

A Q (kwis

Growth Steady Decay

Fig. 2: A simple design fire curve

In our design fire, using Eq. (1) and the
growth rate for fast fire from Table 1, a

Qma Of 15 MW is reached approximately

after 9.5 minutes. The fire is placed on the 1st
floor, by the opening between the floors. The
substance supposed to be on fire is a plastic
material and thus the vyields of soot and
carbon monoxide are relatively high. The soot
yield is set to 0.05 and the carbon monoxide
is set to 0.06.

Figures 3 and 4 show the visibility after 6
and 8 minutes respectively. In this project, the
acceptable minimum visibility is set to be 16.4
meters (corresponding to the black contours
in the figures). After 6 minutes (Fig. 4), the
smoke has spread on the right part of floors 3
and 4, in the atrium, and closed to the ceiling
of floor 5, reducing the visibility to this
minimum in these areas. After 8 minutes (Fig.
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5), the visibility is considered poor in a wide
part of the building, especially on floors 1 to
5. It is interesting to couple the CFD results
with an evacuation model. Models for
simulating evacuation of humans from
buildings can be probabilistic, deterministic or
both. The deterministic type of model will
typically include little or no physics and will to
considerable extent be based on information
collected from statistics and evacuation
experiments. Some will only attempt to
describe the movements of humans; others
will attempt to link movements with behavior
([20], [11], [22]). In this project, the
evacuation is simulated using the software
STEPS [13].

Fig. 3: Visibility in the middle of the structure
after 6 minutes

Fig. 4: Visibility in the middle of the structure
after 8 minutes

Figures 5 and 6 show the evacuation
simulation after 1 and 6 minutes respectively.
There are 100 people on each floor at the
beginning of the simulation. After 1 minute,
there are still people waiting to reach the
stairs. There are many people waiting on the
2 top floors (10th and 11th), but these are not
part of the open space and are consequently
not exposed to the smoke. On the other
floors, however, Fig. 3 shows that the visibility
is still acceptable except close to the fire
source and in the atrium itself. After 6
minutes (Fig. 6), when visibility becomes
critical in a wide part of the building (Fig. 4),
everyone is in the stair case, which, as
required for evacuation routes, is fire and
smoke protected.

i
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Fig. 5: Evacuation simulation after 1 minute,
with 100 people per floor

Fig. 6: Evacuation simulation after 6 minutes,
with 100 people per floor

By comparing results from fire simulation
and evacuation, we see that, even
considering a conservative choice for the fire
design and the number of people (100) on
each floor, all the occupants are safe at least
2 minutes before the situation becomes
dangerous because of the visibility.
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Fire Simulation in a storage building

The building shown in this example (Fig. 7) is
a classical storage building. In the simulations
10 smoke hatches of 2 m2 each are assumed
to be installed evenly spread in the roof. The
smoke hatches are simulated to be opened
after 5 minutes since they are expected to be
activated manually, when the first people
from the fire department are expected to
arrive at the fire scene. In addition to the
smoke hatches, all loading doors are
expected to be opened during the fire, which
will create a well ventilated fire.

The calculation domain is 120 x 60 x 20
meters. The size of the mesh is
homogeneous within the whole domain, with
0.4 meters spatial resolution, so the grid is
300 x 150 x 50 = 2250000 cells.

Fig. 7: 3D model of the storage building seen
from the back with wall and roof removed for
visualization

The f|re in this simulation is designed as
ultrafast at? (see Eq.(1) and Table 1), since
the design fire is assumed to be in the rack
storage. The fire reaches a maximum energy
release rate of 15 MW after 5 minutes, and
after that the Energy Release Rate is
constant. The properties of the materials
stored in the storage are unknown at the
moment of the simulation and thus a
conservative fire development has been
assumed. The same is true about the yields
from the simulated fire since the yields are
very conservative with a carbon monoxide
yield of 0.1 and a soot yield of 0.1. In this
case, the simulated fire is modeled as a 10
m2 large patch with a maximum energy
release rate per unit area of 1500 kW/m2 and
is placed partly under the office part. The
location is chosen to create a maximum
spread of the smoke because empty pallets
were planned to be stored there, and a fire in
these could potentially have a development
similar to the simulated fire.

Fig. 8 shows the visibility after 4, 6 and 10
minutes. Note that the acceptable minimum
visibility is set to be 10 meters, when it was

set to be 16.4 meters for an office building,
where the main concern was human life
saving and safe evacuation while the concern
in the storage building is more about property
saving, making a lower visibility level
acceptable.
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Fig. 8: Visibility after 4, 6 and 10 minutes
(from top to bottom)

Fig. 9 shows the temperature after 5
minutes, which is essential information in fire-
fighting operation.

ﬁmm-mm.él
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Fig. 9: Temperature in the storage after 5
minutes

The simulations showed that the
parameter that first becomes critical is the
visibility and this was also expected
considering the high soot yield of the fire.
Critical conditions for visibility are when the
visibility is less than 10 meters and these
conditions start to arise after approximately 3
minutes, but at this point the critical
conditions only arise at heights above where
people are present and it takes long time
before critical conditions arise at levels where
people are stationed. The simulation also
shows that the temperature remains rather
low except at very precise locations close to
the fire source, so the conditions are good for
fire-fighting operations inside the building. In
this case, the CFD simulation has proved that
the 10 smoke hatches placed in the roof are
sufficient to keep acceptable conditions for a
sufficient time for the fire-fighters to access
the fire.

CONCLUSION
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During the last decades, important efforts
have been carried out to shift from
prescriptive to performance based design of
building with respect to fire safety, allowing
the construction of more complex, open-
spaced and modern buildings, than the
prescriptive approach would allow. Still, it is
essential that these new buildings meet an
acceptable level of public and property safety
in the event of fire. CFD codes allow
designers to verify that fire safety precautions
are sufficient and comparable to demands
made by prescriptive codes and allow more
creative and innovate design such as
buildings with open-spaces or large atriums.

In this paper, two examples of CFD
calculations with very different fire conditions
and design, geometry, recommendations and
safety concerns have been discussed.

The first example was a complex and
modern office, where the main concern is
protection of human life. Simulation after 6
minutes (Fig. 3) shows clearly that the
visibility will be under the minimum 16.4 m
required, when all the occupants are in the
fire protected evacuation stairs (Fig. 6).

The second example was a storage
building. In this case, as there is generally no
public and very few occupants, the main
concern is securing property. The CFD
calculations allowed the designer to test the
efficiency of smoke hatches. The simulation
clearly demonstrates that the visibility will be
under the required minimum 10 meters under
5 meters height (Fig. 8) for a long time, and
that the temperature conditions are
acceptable for fire-fighters to access the fire

(Fig. 9).

Furthermore, the CFD model can test, by
achieving different runs with various
parameters such as fire conditions or
geometry, the effect and efficiency of
additional safety features such as smoke
vents or water sprinklers.

In this article, we have provided a very
brief introduction of the discipline of Fire
Safety Engineering and the role of CFD
calculations in building design. However, CFD
can assess various problems like smoke
toxicity, two-phases flows, heat transfer,
material flammability and resistance, flame
spread, as well as complicated and
dangerous phenomena such as flashover,
backdraft and smoke gas explosions. With
the development and improvement of models
and computer capacity, as well as CFD
education for engineers, the role of CFD

codes in Fire Safety Engineering must be said
to be very important and will keep growing.

NOMENCLATURE

t Time (s)

Q Energy release rate (kW)
a Growth rate

Subscripts

max maximum
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Abstract

This paper is an attempt to integrate theoretical Computational Fluid Dynamics (CFD)
calculations with practical fire-fighting tactics commonly used when arriving at the scene of
an underventilated fire. The paper shows that CFD has a great potential in improving
understanding and creating better effectiveness in the estimation of fire-fighting tactics. If
burning has occurred in a lack of oxygen for a long time, excessive pyrolysis products may
have accumulated in the fire compartment. If air is suddenly introduced in the compartment
a backdraft may occur. The CFD code used for the simulations is Fire Dynamics Simulator
(FDS). In this paper, we focus on the conditions that can lead to backdraft, and not the
deflagration or rapid combustion in itself. Therefore, the simulations focus on the gravity
current and the mixing process between cold fresh air and hot smoke gases by considering a
uniform temperature inside the building as initial condition.

The different tactics studied include natural ventilation, Positive Pressure Ventilation (PPV)
and dilution by water mist. Their effectiveness is observed comparing them with a reference
scenario, where no action is taken. The main objective of natural ventilation is to find the
fire source, and the venting is more effective with several openings. Tactics involving PPV
are very effective in evacuating the unburnt gases, but increases the mixing, and
consequently the probability of backdraft during the early stage of operation. On the other
hand, the addition of water mist can reduce the danger of backdraft by reducing the
concentration of unreacted combustible gases below the Critical Fuel Volume Fraction
(CFVF), where ignition cannot occur. If the dilution level is insufficient the danger of
backdraft is increased, mainly because the process of gases evacuation is longer due to
cooling, which reduces the density difference between hot and cold gases.

During a fire-fighting operation, the choice of tactic depends mainly on whether there are
people left in the building or not, but also on the fire-fighters’ knowledge of the building’s
geometry and the fire conditions. If the situation shows signs of strongly underventilated
conditions, the danger of backdraft has to be considered and the most appropriate
mitigation tactics must be applied.

KEYWORDS: Fire-fighting tactics; Computational Fluid Dynamics; Backdraft.

1. Introduction

The purpose of this paper is to show how theoretical CFD calculations can be integrated
with practical procedures that are normally used by the rescue services at the scene of a fire
and to gain understanding of the best way to deal with a backdraft situation. This
knowledge and the understanding of the warning signs identified just before backdraft
occurs will lead to a more successful result in handling such situations.

Until recently little research has been done on backdraft [1, 2, 3, 4, 5], except the work
done by Fleischmann [2, 3], in spite of how hazardous and dangerous this phenomenon is to
fire-fighters. When an under-ventilated fire dies from a lack of oxygen, the enclosed room
can remain full of hot unburnt gases. If an opening occurs, for example a window breaks or
fire-fighters open a door to the room, fresh oxygen is carried by gravity currents, and mixes
with gases. The mixing of gas with oxygen can create a flammable mixture resulting in
ignition and a deflagration or rapid combustion called backdraft. The deflagration
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propagates, causing an extreme pressure build-up. The resulting flame may travel at a speed
of several meters per second. The occurrence and intensity of a backdraft are directly
related to the mixing level and therefore to the properties of the gravity wave.

Knowledge of the underlying processes that control the three phenomena flashover,
backdraft and smoke gas explosion is of great importance. Backdraft is especially important
as many fires are ventilation controlled when the fire services arrive and open up an access
route in order to fight the fire. According to the statistics [6], backdraft does not occur very
often. However, since a backdraft is a very rapid and sudden event, its consequences may be
rather severe. Therefore is it of great importance that the main physical and chemical
processes that control the backdraft phenomena are elucidated [7, 8, 9, 10, 11, 12].

Fire tactics are widely discussed in magazines or books mainly written for fire-fighters [13],
but very few scientific articles have been published on the subject. Some experimental
studies have been carried out [14]. This paper aims to extend, by means of CFD techniques,
this practical and experimental knowledge by integrating CFD techniques, and widen the
discussion on fire tactics to scientists and engineers.

During an intervention on a strongly underventilated fire, fire-fighters must be aware of the
danger of backdraft and its warning signs [15].To estimate the effect of different tactics on
backdraft mitigation, the flammable region obtained in CFD simulations is plotted at
different times in both defensive tactics, e.g. natural ventilation, or offensive tactics, such as
using PPV fans [16, 17, 18] or dilution by water mist.

A special effort is dedicated to the effect of water mist. Experimental research on backdraft
mitigation [1, 5] has shown that its effectiveness is due to dilution and reduction of the fuel
volume fraction, rather than a thermal mechanism of cooling. CFD calculation allows a
rough quantification of the effect of the water mist.

Finally, some conclusions are drawn regarding how currently used tactics can influence the
risk of backdraft, discussing their advantages and disadvantages in regards to this
particularly dangerous phenomena.

One of the co-authors has worked as a fire brigade officer for over a decade, and based on
his experience, several tactics commonly used in fire-fighting operations in Sweden were
chosen for analysis in this paper. Then, we look at the effectiveness of these tactics in
mitigating a particular danger that is backdraft.

2. Modelling with CFD

The CFD code used in this investigation is Fire Dynamics Simulator (FDS) [19]. This
software uses Large Eddy Simulation (LES) developed by the National Institute of
Standard and Technology (NIST). Some of the scenarios in this paper have already been
modeled [20] using Simulation Of Flres in Enclosures (SOFIE) [21], another CFD software
which uses Reynolds Average Navier-Stokes (RANS) turbulence model. It is interesting to
see if the different models allow the same conclusions, even though it is not the purpose of
this paper to compare the performance of these softwares. LES models are known to be
more adapted to simulate the mixing, which is essential in the backdraft phenomena while
RANS models may simulate gradient flows better.

It is actually not possible to model the whole backdraft scenario in CFD since proper sub-
models that handle the premixed burning and the deflagration have not yet been developed.
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Therefore, the flammable region, created by this mixing will be modeled as a mixture of
methane and air that does not burn because it is never ignited. To achieve this, the
combustion module in the FDS simulator is shut off from so that there is no burning in any
of the simulations. By diminishing the possibility of a rapid combustion, or its force, should
a deflagration occur, it is possible to estimate the effect of the different tactics used in the
mitigation of backdraft. The method used is to simulate different mitigation scenarios and
compare them to the basic scenario when nothing is done, as is described in the next
chapter. Therefore, no combustion modeling by FDS is used in this paper.

3. Geometry and scenarios

3.1. General

When the fire-fighters arrive at the scene of a fire that involves a possible backdraft situation
their actions can depend on several factors. Different tactics may be used depending on
whether there are people left in the building or not, what resources are available, the
accessibility of the building or the fire room, what stage the fire is in, the commanding
officer’s level of knowledge of the situation, etc. What this means is that there are special
conditions at a fire scene that determine which tactics can be used, rather than the technical
properties of the fire as such. This fact induces a certain difficulty in the CFD simulations. In
this paper, these difficulties are circumvented by choosing six different tactics that are all
evaluated, but there may be situations where none of them can be applied to that particular
event due to other reasons than the technical properties of the fire itself. There may also be
situations where tactics other than the six discussed in this paper should rather be applied.

In this paper, we address the gas temperature, unburnt fuel concentration and density in
various geometries, which are some of the essential parameters for the triggering of a
backdraft. However, there are many other parameters that can have an influence on
backdraft potential (e.g.: geometry, leakages, wind, etc...), but these are not addressed in
this paper.

3.2. Geometry

A basic scenario has been created for easier evaluation of the different tactics. This scenario
consists of a 3 room apartment. Each room measures 4 x 4 m and is 2.8 m high. There are 3
doors that measure 0.80 x 2.0 m, 2 connect the different rooms, and one front door
connects room 1 to the outside. Its opening corresponds to the start of the simulation.
Room 3 has a window that is opened in Scenarios 3 and 4. The geometry is shown on
Figures 1 and 2.
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Room?2

Window Room1

Room3 Front door

Figure 2: 3D view of the apartment

3.3 Scenarios

The studied tactics are:

» Scenario 1: Reference scenario where no action is taken.

» Scenario 2: A life saving operation where fire-fighters enter the building.

» Scenario 3: Natural ventilation of the building by opening a window at the back of the
building.

» Scenario 4A: Ventilation of the building using PPV at low flow rate 3.73 m3/s.

» Scenario 4B: Ventilation of the building using PPV at high flow rate 5.38 m3/s.

» Scenario 5: Incorrect use of PPV at high flow rate 5.38 m3/s (No discharge opening).

» Scenario 6: Dilution of the unburnt gases, by use of water spray before opening the
door. 4 different levels of dilution are simulated, from 25% to 10% of unburnt gases.

3.4. Initial conditions and measurements

The CFD-calculations have been carried out with a computational grid containing 226800
cells (10 cm of mesh resolution). All walls are modeled adiabatic. Consequently, the wall
temperatures are the same as the local gas temperature. This choice is motivated by the fact
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that the initial temperature is assumed to be homogeneous, and that the heat transfer should
not have a significant influence on a short simulation time.

As mentioned earlier the combustion is not modeled due to the lack of sub-models that
handle the premixed burning. Instead of modeling the whole combustion process and the
smoke spread it is assumed that the burning has lasted a long time, and the temperatures as
well as the gases concentrations are uniformly distributed in the three rooms. The initial
temperature in the three rooms has been raised to 573 K. These values and this kind of
modeling are selected in order to describe a room where a fire has burnt for a long time.
The flame has died out due to under ventilation since no doors or windows are open. The
apartment is also well insulated so there is still some heat kept within the apartment.
Radiation from the hot gases has been pyrolysing combustible material, such as furniture.
After a while a high concentration (in this case 30%) of combustible gases is reached in the
apartment.

The initial conditions specified in the FDS script file are:

Table 1: Initial conditions for FDS calculations

scenario T (°K)  p* (kg/m®) CH4 conc. (% Kg)

Inside 1to5 573 0.616 30
Inside 6 373 0.946 Depends on dilution level
Outside all 293 1.204 0

*Perfect gas law p = 353/T

Comparison of the different scenarios is carried out by means of 4 visualization planes and 3
Gas Measurement Lines (GML). The visualization planes are vertical animated planar slices
passing through the middle of each room (see plane 1 X-Z, plane 2 X-Z and planel Y-Z,
plane 2 Y-Z on Figure 1). These slices allow the display of quantities such as temperatures,
velocities or gas concentrations. In our case, comparison will be made by displaying the
flammable region, i.e. the unburnt gas concentration within the range of its flammability
limits, and comparing its width and position for every chosen scenario at the same time after
opening the door. The GML are vertical lines of probes, placed in the middle of each room
(see Figure 1 and 2), that are used to record various quantities at certain points as a
function of time, similarly to a classical thermocouple tree. In our case, the recorded
quantity is the gas concentration. Each vertical line is composed of 27 probes regularly
spaced, allowing measurements every 10 cm. This allows both a good qualitative and
quantitative description of the time evolution of the flammability region for each
investigated scenario.

In the following sub-chapters each of the six chosen scenarios will be described. These
scenarios are selected because they are anticipated to be useful to fire-fighters in their
evaluation of tactics used in fighting the potentially underventilated fire.
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4. Qualitative results

4.1. Scenario 1: Reference scenario

Scenario 1 is a reference scenario, to which the other five scenarios are compared. This
scenario describes what happens when the fire-fighters arrive at the scene of a fire where
burning has occurred for a long time. The apartment is rather airtight, no doors or windows
are open. In this scenario the fire-fighters open the front door in order to vent out the hot
gases. The fire-fighters stay low and aside. This is where the simulation starts. Due to the
buoyancy differences between the hot smoke gases and the cold fresh air, a gravity current
enters the apartment. To allow better visualization, only the flammable region will be shown
along four planes that pass through the center of the rooms, as indicated on Figure 2. The
lower (LFL) and upper (UFL) flammability limits considered in this study are assumed to be
similar of methane’s, i.e. LFL = 5 (vol. %) and UFL= 15 (vol. %). Figure 3 shows the
flammable region at 2 different time steps, after 20 and 60 seconds. The volume
concentration within the flammable region varies between 5 % displayed in blue
(corresponding to LFL) and 15 % displayed in red (corresponding to UFL). The color bar
on the left indicates the gas concentration. Note, if the pictures are printed in grey scale,
that the blue part corresponds in fact to the darkest region in the lower part of the
flammability envelope. The red part is slightly darker and is in the upper part of the
flammability envelope.

Flam. gases (vol %

E
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Flam. gases (vol ¢

K
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Figure 3: Scenario 1 - Flammable region after 20 sec. (left) and 60 sec. (right)

We can see that between 20 and 60 seconds, the flammability region has propagated into
the 3 rooms, and has reduced in width and moved towards the ceiling in room 1. The wider
the flammability region, the more likely it is that flammable gas could come in contact with
an ignition source (e.g. electric spark, smoldering fire) and creates a backdraft.

4.2. Scenario 2: Offensive attack through the front door by BA team

In this scenario, the rescue services have arrived at the scene of the fire and found out that
there are people inside the apartment. Time is a critical factor in this case and is not
sufficient to evaluate all possible measures. The commanding officer decides to send in a
BA (Breathing Apparatus) team through the front door. By choosing this tactic the fire-
fighters will be exposed to a high risk. The fire-fighters will have to be careful and cool the
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hot gases with water as soon as they have opened the door. Knowledge of time it takes for
the gravity current to mix with the hot gases is essential, since this time determines how
long a time slot the fire-fighters have to cool the hot gases with water spray and thus
minimize the risk of ignition. Fire-fighters open the door slightly, spray short pulses of water
and close the door again to let the spray vaporize inside the apartment. This is repeated until
the situation is considered safe. However, the door closing and the spray are not modeled,
as the goal is to observe the influence of an even small opening during a short time can have
on the situation.

This scenario is modeled very similarly to Scenario 1. The only difference is that two
blockages have been placed at the door opening. The blockages are supposed to simulate
the influence of the fire-fighters on the stream.

Flam. gases (vol ¢

K
ol

Figure 4: Scenario 2 - Flammable region after 20 sec. (left) and 60 sec. (right)

There is very little difference between results from Scenario 1 and 2. The only conclusion
that can be drawn is that the gravity current seems to travel slower in Scenario 2. This is
due to the blockages in the opening, which are obstructing the flow, as shown by comparing
the Figures 3 and 4 (left), which show the results 20 seconds into the simulation. Moreover,
the blockages may create mixing, and thus increase the risk of backdraft. However, this
should not have a huge influence and the main lesson learned from the simulation is that it
only takes a few seconds for the gravity current to create a flammable region large enough
to generate hazardous conditions. In this scenario, the gravity current travels approximately
at 1.7 m/s.

4.3. Scenario 3: Defensive attack with natural ventilation

In this scenario, it is clear that there is no-one left inside the apartment, and consequently
time is not as critical as in Scenario 2. The conditions at the fire scene are such that it is
possible to open up a vent, e.g. a window, to the apartment at the back of the building. The
commanding officer has also enough personnel to perform this operation. The vent at the
back must be protected with water in case a backdraft or flashover occurs; otherwise the
fire may spread over the fagade. This method of attacking the fire is defensive. The fire-
fighters do not need to take any unnecessary risks in case the situation becomes menacing.

The modeling of this scenario differs from Scenario 1 due to the opening (1x1 m
horizontally centered and 1m from the floor in Room 3).
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Figure 5: Scenario 3 - Flammable region after 20 sec. (left) and 60 sec. (right)

The results show that a flammable region is created in room 3 almost immediately, as shown
by comparing Figures 3 and 5. This is expected since fresh air is allowed to enter room 3
through the window opening. The smoke gases are also vented out faster in Scenario 3.

By comparing Figures 4 and 5, we see that the flammability region is wider in this scenario,
especially in room 3. However, in this scenario, the flammability region has moved faster
towards the ceiling, showing a faster evolution in the venting process. Moreover, the main
purpose of the venting is to find the fire source, which is of course beneficial. However, if
ignition occurs, fire-fighters must be prepared for rapid flame spread.

4.4. Scenario 4: Offensive attack using Positive Pressure Ventilation

In several countries like Sweden, it is becoming more common to use PPV at an early stage
of an operation. This is a very offensive way of attacking the fire and some rescue services
even use this technique in life saving situations. It is important to remember that more
resources, i.e. more personnel, are necessary so that the fan can be placed at the correct
location. In some cases, e.g. when a fire occurs at the fourth floor of a building, it is not
necessary to carry the fan all the way up to the floor where the fire is. It is quite adequate to
place the fan on the ground floor, e.g. at the door to the stairwell. In this case the whole
stairwell would be pressurized.

Venting a fire, especially by using PPV, may increase the potential for flashover. However,
venting is common practice in fire-fighting operations, and fire-fighters are aware of and
prepared for a potential increase in fire growth.

This scenario has been modeled in CFD by putting an inflow boundary in front of the door.

This does not simulate the characteristics of a fan very well, e.g. the swirl created by the fan
is not correctly modeled. However, the main purpose is still fulfilled, as a great amount of
air is forced inside the apartment. The inflow boundary is wider than the door to be sure
that its flow covers the entire door, as the cone of air from the fan should do (see
recommendations in [16]). The research described in [17] has investigated optimal airflows
when utilizing PPV against hot-fire conditions and suggested an ideal flow based upon a
minimum value of 1000 m*/hour and maximum value of 1440 m*/hour per 10 m® of space.
With our geometry, we have:

Volume of hot gases (volume of the enclosure): Vs =4 X 4 x 2.8 x3 = 134.4 m°,
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Table 2: Recommended air flow for PPV

Air flow Qfan (M3/s) Vian (MV/S)
Minimum air flow 3.73 3.5
Maximum air flow 5.38 5

The flow rate through the door is calculated by FDS, and the velocity at the inflow
boundary Vs, is obtained by iteration to obtain the desired value of Qgn. This boundary is
placed 20 cm in front of the door, in order to keep the possibility to have an outflow forcing
throughout the door.

The window in room 3 is opened and will function as a discharge opening. Information
about the usage of PPV in fire-fighting is detailed in [18].

4.4.1. Scenario 4A: PPV at minimum recommended air flow

Flam. gases (vol %
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Figure 6: Scenario 4A - Flammable region after 20 sec. (left) and 60 sec. (right)

4.4.2. Scenario 4B: PPV at maximum recommended air flow

By comparing Figures 3, 6 and 7, we see that a lot of mixing is created in Room 1 and
Room 2, during the first seconds after opening, consequently creating a wide flammability
region. However, the flammable gases are vented very quickly. The quantitative study
detailed later shows that the apartment is almost empty of smoke gases, after around 60
seconds for low flow rate (Figure 16), and 40 seconds for high flow rate (Figure 15).

From these observations, we can say that the higher the PPV flow rate is, the higher the
level of mixing and consequently the probability of backdraft will be during the early
moments of operation. On the other hand, the danger will be eliminated sooner.

The conclusions are that if PPV is used in a correct way, it will very effectively clear the
apartment of smoke gases. The possibility of ignition must be kept in mind and it is
important that the discharge opening be protected with water.
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Figure 7: Scenario 4B - Flammable region after 20 sec. (left) and 60 sec. (right)

4.5. Scenario 5: Incorrect use of PPV

Using PPV requires knowledge of how the intake opening and the discharge opening
function together. Even though the use of PPV seems to work properly, a door between the
intake and the discharge opening may close due to the air stream created by the PPV fan.

Scenario 5 investigates how such a blocked discharge opening influences the probability of a
backdraft occurrence. Scenario 5 is modeled as Scenario 4 with Qg., = 5.38 m®/s, except for
the window opening, which is closed in this scenario.

Comparison of the Scenario 4 and Scenario 5 simulations results shows that there is very
little difference between the two, as long as the gravity current does not reach the back wall
of Room 2.

Figure 8 shows that a large flammable region is remaining in the apartment for a long time.

In this scenario, the risk of backdraft is highly increased due to forced mixing, and lasts a
long time, as gases are not evacuated correctly This is of course an extremely hazardous
situation for the fire-fighters. Another problem could be that smoke gases are forced into
areas that are not yet damaged from smoke, due to the positive pressure created by the
PPV. This is highly unwanted and therefore it is recommended not to use PPV if the
apartment geometry is not known.
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Figure 8: Scenario 5 - Flammable region after 20 sec. (left) and 60 sec. (right)

Paper [B] - 12



4.6. Scenario 6: Dilution of unburnt gases by introduction of water spray

This scenario is an attempt to simulate the effect of tools such as piercing nozzles or cutting
extinguishers, which spray water before opening the door. The process of dilution is not
modeled in itself by FDS but its consequences on initial conditions are considered. It is
assumed that dilution has been achieved and that temperatures and gas concentrations are
homogeneous when the simulation starts. Different dilution levels will be considered, from a
mass concentration of 25% to 10% of unburnt gases. The geometry is the same as in the
reference Scenario 1, only the initial conditions change.

Experimental research on backdraft mitigation [1, 5] has shown that its effectiveness is due
to the dilution and reduction of the fuel mass fraction, rather than a thermal mechanism of
cooling.

Nevertheless, the thermal cooling reduces the density difference and will therefore decrease
the speed of the gravity wave [10, 11]. Consequently the evacuation of hot gases will take
longer. Both effects will be considered in the simulation.

4.6.1. Effect of dilution

By diluting the hot gases with water spray, the mass fraction of the initial components is
reduced. Figure 9 shows a classical flammability diagram for the three-component system
methane/oxygen/nitrogen. Details about the usage of flammability diagram can be found in
[22] and [23]. Note that the use of flammability diagrams like Figure 9 is only valid for well
mixed cases, which might not be the case in every parts of the compartment in a real
situation.

The “air’ line C-A goes from 100% (point C) to 0% (point A) of methane in air. Its
intersection with the flammable region gives the Upper (UFL) and Lower (LFL)
Flammability Limit. In the case of methane, UFL = 15% and LFL =5%.

In the first five scenarios, the mass concentration of methane was 30% (Kg/Kg). However,
a volume percent flammability diagrams will be used as these are more common. A
conversion from mass to volume percent is therefore necessary. As shown in Table 2, this
will correspond to 43.6% of methane, 44.7% of nitrogen and 11.7% of oxygen. This initial
gases composition point is noted D(30) on the flammability diagram. In the rest of the
article, the notation D(X) will correspond to the scenario with X % mass concentration of
fuel. In a more realistic case where actual combustion is taken into account, the flammability
diagrams will change somewhat, since CO, CO2 and H20 have been introduced into the
mixture. However, for backdraft conditions to arise requires that much of the unburnt fuel
(methane) remains, which is the situation we are concerned within this paper. Therefore, the
contribution to the mass balance of the products of combustion will be small compared to
the contribution of the main species, nitrogen, oxygen and methane and will not have a
major influence on the flammability of the mixture.
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Figure 9: Methane flammability diagram with dilution point (detailed part on the right)

The intersections of line D(30)-A with the flammable region limits are the same as with the
air line, D(30) being on this line, which is logical as there is the same ratio 21:79 of 02
relative to N2 as in air. Dilution will affect this ratio and the initial gases composition will
not be on the air line CA anymore. Here, the assumption is that the diluting gases, in this
case water vapor, are inert gases (with the same molecular weight as vapor) and their
concentrations are added to the nitrogen concentration.

Consequently the flammability limits will change, as shown on the zoomed part (right) of
Figure 9, which is detailing the lower right part of the flammability diagram, indicating all
the dilution point (called D(25), D(20),...) studied.

In order to avoid to complicating Figure 9, only the concentration, UFL and LFL for D(30)
and D(20) are indicated on it. The concentration for points D(25), D(15) and D(10) as well
as their UFL and LFL are shown in Table 2. These concentrations are calculated as follows:

With the initial condition of the problem, the mass without dilution of the total gaseous
mixture inside the building M, and the mass of unburnt gases (methane) Mcu, are:

MO = pinV (1)

Mgy, = (30/100)M, (2)

Considering M., mass of vapor to be added so that Mcwa is (30-y)% of the new total mass
of gases, y being the dilution factor to obtain the desired gas composition, i.e. D(30-y), this
gives:

Mcu, = ((30-y)/100)(M, + M) 3)

With Equations (2) and (3), we have:
M, = (Y/(30-y))M, (4)

Introducing the dilution ratio y:

Mvap = XMO with xX= y/(30 - y) (5)
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Knowing the initial mass Mo, we obtain the mass of vapor M,,, necessary for the desired
dilution, the mass concentration (% Kg), and, by conversion, the volume concentration (%
mol). These values are then used in the flammability diagram, giving graphically the
corresponding LFL and UFL.

Table 3: Concentration and flammability for different mass concentration of unburnt gases

Mass conc. (% Kg) Vol. conc. (% mol)
Mvap Vap
X Mo Yy X (Kg) CH4 vap Nz 02 CH4 vap Nz 02 +N2 LFL UFL
30 80.5 0 0 0.0 30.0 00 539 161 43.6 0.0 447 117 44.7 5 15
25 805 5 02 161 250 167 449 134 346 205 356 93 561 5 14
20 805 10 05 402 200 333 359 107 265 392 272 71 664 5 12.9
15 805 15 1 80.5 150 500 270 81 190 564 195 51 759 5 10
10 805 20 2 1609 100 66.7 180 54 122 721 125 33 846 - -
132 805 168 1.3 102.4 13.2 56 237 71 16.5 62.2 16.9 4.4 79 9 9

(CFVF)

In Figure 9, the addition of vapor is shown by the arrows, as it is equivalent to moving
down from D(30) to D(10) towards other concentration point. Line A-F shows that below
this line, the mixture won’t be flammable. The intersection of this line with the flammable
region corresponds to the Critical Fuel Volume Fraction (noted CFVF) and the
corresponding mixture is the Critical Mixture Composition CMC (see Table 3).

4.6.2. Effect of cooling

The major problem when performing an operation involving an underventilated fire is that
somehow an opening must be made to the fire compartment, either is by using PPV or
normal ventilation. The problem with making an opening is that oxygen is allowed to enter
the apartment, which may cause ignition of the smoke gases, as shown in Scenario 2. It
would be preferable to inert the smoke gases without making an opening, by using
equipments such as piercing nozzles or cutting extinguishers. Once the door has been
penetrated the water is distributed in the room. If the water distribution is effective the
smoke gases are cooled and the risk of ignition is minimized.

The cooling capacity of such tools and the new initial temperature condition that will be
used in the dilution simulations are calculated as follows:

If all the water evaporates, the cooling capacity is:
Aprw\/w = (Tin _Tﬁnal)Cairpgangas (6)

The necessary water volume V,, necessary to cool Vg, of hot gases down from Ti;, t0 Trina
will be:
_ (Tin _TinaI)Cairpgangas

W AH.p. (7)

In this problem, to cool all the hot gases to the temperature of vaporization Tfny =100°C,
the amount of water calculated using Equation (7) is V,,=7.3 liters. Table 3 shows that 16.1
liters are necessary to obtain the desired minimum dilution D(25), so 100°C will be the
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initial temperature in the dilution calculations. Here, we make the reasonable assumption

that vaporization will still occur after 7.3 liters by contact of additional water with hot
surfaces.

It is interesting to note that below 100°C, there is no risk of autoignition, but gases could
still ignite by contact to a source, e.g. an electrical spark or a smoldering surface.

The conditions described above are quite idealized. In reality, the water added will not
vaporize instantaneously, but over time, and much of the water will not be used effectively
in the dilution or cooling process but will collect in puddles and on surfaces. The reader
should keep this in mind when considering the quantities mentioned above.

As no new air is forced into the apartment, and no natural ventilation is used, the venting of
gases takes much longer than in other scenarios. Therefore, comparisons will be made with
the reference scenario over a five minute period.

4.6.3. Scenario 1 (reference scenario)

The flammability zone for this scenario over a long period is shown on Figure 10 below.

5 5
S S
S S
) )
g g
[+ 3+
(@)) (@))
g g
T M5 T M5

Figure 10: Scenario 1 - Flammable region after 100 sec. (left) and 200 sec. (right)

4.6.4. Dilution D(25)

Figure 11: Dilution D(25) - Flammable region after 100 sec. (left) and 200 sec. (right)
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4.6.5. Dilution D(20)

Flam. gases (vol %

|
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|
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Figure 12: Dilution D(20) - Flammable region after 100 sec. (left) and 200 sec. (right)
4.6.6. Dilution D(15)

Flam. gases (vol %

|
ol

Figure 13: Dilution D(15) - Flammable region after 100 sec. (left) and 200 sec. (right)

The results show that the gravity current is strongly decelerated because of the cooling
effect. Without dilution, it is traveling at roughly 2 m/s, hitting the back wall of room 2 after
8 seconds, while its travel time is 1 m/s seconds at 100°C. Moreover, the equilibrium of

densities is reached rather quickly, creating a stagnant condition much sooner than in
scenariol (Figure 10).

This qualitative analysis shows that, when compared to the other scenarios, the values of
CH4 concentration within the flammability region are often close to the LFL, especially

after 200 seconds. However, if the concentration values are small, the situation remains
dangerous.

This will be studied more into details in the next quantitative chapter. Yet, we can already
say that dilution should be carried until the minimum volume fraction of fuel is reached
(point CVC) on Figure 9. It is worth noting that with a piercing nozzle or a cutting
extinguisher at 50 I/min, it will only take 55 seconds to reach complete backdraft
elimination. If this sufficient dilution is not reached, the danger of backdraft lasts longer.
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5. Quantitative results

The qualitative results gave a good description of the effectiveness of the different
scenarios. In this part, this effectiveness is quantified by comparing the vertical position and
width of the flammable region at the 3 Gas Measurements Lines (GML) indicated on
Figures 1 and 2. The vertical position of the flammable region is an indication of the
evolution of the venting. In fact, the flammable region starts by progressing at floor level
into the building, then move toward the ceiling under the effect of venting, until all
flammable gases are finally evacuated.

Table 4 presents the results for every scenario studied, at every 10 seconds. Table 5 shows
expanded results up to 300 seconds for Scenario 1 and the various levels of dilution. The
results are then displayed graphically. (e.g. on Figure 16 are shown the lower and upper
limit of the flammability region, respectively noted Z,, and Z,, as well as its width for
scenario 4B, room 2 and t = 10 s. These values are in bold in Table 4).

When studying the values over the first eighty seconds (Table 4, Figures 14 to 16), we see
that there is very little evolution in the reference Scenario 1, as the flammability region
width in the 3 rooms does not reduce quickly, and is mostly centered (e.g. in room2, Az =
0.66 m at t = 30 sec., and Az = 0.44 m at t = 70 sec.). On the other hand, the effect of the
natural ventilation (Scenario 3) is that the flammability region is slowly reducing and
moving towards the ceiling. This evolution shows that the gases venting will be significantly
shorter with natural ventilation.

Using PPV, the rooms 2 and 3 are completely empty of flammable gases (after 40 sec. for
Scenario 4B and 60 sec. for Scenario 4A), with a wide flammability region (approx. 1.5
meters) quickly moving towards the ceiling. This shows a swift evolution in the gases
evacuation, but also an important mixing in these first seconds. If PPV is incorrectly used
(Scenario 5), there is very little evolution in both the size and the position of the
flammability region, showing a stagnant situation, with mixing and ineffective ventilation.

For the dilution case, a thin flammability region is still growing after 80 seconds, thus
showing a slow gravity current. This demonstrates that the dilution is a slow process
compared to other tactics. When studying the dilution effect over 5 minutes (Table 5 and
Figure 18), we see that there is a very wide flammability region, even after 300 sec. This is
due to the fact that the initial gases composition is closed to the flammability limit, and that
the cooling effect reduces the density difference. Consequently, density equilibrium is
reached before the flammable gases are evacuated. This shows that the dilution is very
effective if the Critical Fuel Volume Fraction (CFVF) is reached, as the backdraft will be
completely eliminated, but has the opposite effect if the dilution is not sufficient, due mainly
to slower gases velocities.
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Table 4: Vertical position and size of the flammability region in each room for all
scenarios

t = 10 seconds t = 20 seconds t = 30 seconds
Z|0W Zup AZ Z|0W Zup AZ Z|0W Zup AZ
m (m (m (m) (m) (m) m m (m
scenl 0.11 0.6 0.49 0.45 1 0.55 0.87 1.12 0.25
4 scen2 0.03 0.17 0.14 0.07 0.89 0.82 0.22 1.07 0.85
_1 scen3 0.16 0.82 0.66 0.37 1.1 0.73 0.88 1.39 0.51
% scendA 0.46 1.4 0.94 1.44 1.95 0.51 1.7 2.26 0.56
— ScendB 1.07 1.92 0.85 1.95 2.37 0.42 1.95 2.56 0.61
g scenb 0.42 1.08 0.66 1.07 1.65 0.58 1 1.66 0.66
& scen D(25) 0.04 0.12 0.08 0.13 0.63 0.50 0.2 0.98 0.78
scen D(20)  0.07 0.25 0.18 0.07 0.67 0.60 0.17 0.79 0.62
scen D(15) 0.1 0.24 0.14 0.08 0.68 0.60 0.18 0.84 0.66
scenl 0.02 0.08 0.06 0.05 0.28 0.23 0.1 0.76 0.66
o scen2 0.02 0.07 0.05 0.05 0.38 0.33 0.09 0.58 0.49
1 scen3 0.02 0.08 0.06 0.07 0.67 0.60 0.22 1.02 0.80
% scendA 0.08 0.45 0.37 0.37 1.57 1.20 1 2.25 1.25
~ ScendB 0.23 0.95 0.72 0.67 2.26 1.59 15 2.8 1.30
g scen5 0.03 0.09 0.06 0.07 0.6 0.53 0.25 1.1 0.85
£ scenD (25) 0.02 0.05 0.03 0.02 0.07 0.05 0.03 0.13 0.10
scenD (20)  0.02 0.06 0.04 0.03 0.08 0.05 0.04 0.17 0.13
scenD (15) 0.03 0.06 0.03 0.04 0.08 0.04 0.05 0.24 0.19
scenl 0.02 0.04 0.03 0.02 0.06 0.04 0.03 0.09 0.06
o scen2 0.01 0.03 0.02 0.02 0.05 0.03 0.03 0.08 0.05
1 scen3 0.02 0.05 0.03 0.03 0.25 0.22 0.04 0.94 0.9
% scendA 0.02 0.06 0.04 0.04 0.42 0.38 0.07 2.28 2.21
o« ScendB 0.02 0.07 0.05 0.04 0.99 0.95 0.04 2.8 2.76
g scen5 0.01 0.05 0.04 0.02 0.07 0.05 0.03 0.17 0.14
& scen D(25) 0.01 0.03 0.02 0.01 0.04 0.03 0.02 0.05 0.03
scen D(20)  0.02 0.04 0.02 0.02 0.05 0.03 0.02 0.06 0.04
scen D(15) 0.02 0.05 0.03 0.03 0.05 0.02 0.03 0.06 0.03
zz 7 Rooml Room?2 Room3
24 ..Cieling
2.2
2
1.8 [
T 16
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g 12
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Figure 14: Flammability vertical width (GML 1 to 3) and position after 10 sec.
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Table 4 (continued 1)

t = 40 seconds

t = 50 seconds

t = 60 seconds

Z

Z

Ziow up Az Ziow up Az Ziow Zyp Az
m (m (m (m) (m) (m) (m) (m) (m)
scenl 0.99 1.24 0.25 1.1 1.31 0.21 1.21 1.36 0.15
4 scen2 0.33 1.15 0.82 0.75 1.16 0.41 0.96 1.25 0.29
1 scen3 1.23 1.53 0.30 1.32 1.6 0.28 1.43 1.68 0.25
% scendA 1.98 2.33 0.35 1.94 2.36 0.42 2.06 2.44 0.38
— scendB 2.27 2.55 0.28 2.1 2.62 0.52 213 2.63 0.50
g scenb 1.46 1.84 0.38 1.69 1.89 0.20 1.62 2.3 0.68
$ scenD(25) 0.18 1.07 0.89 0.25 1.07 0.82 0.73 1.22 0.49
scen D(20) 0.29 0.98 0.69 0.48 1.1 0.62 0.51 1.06 0.55
scen D(15) 0.5 099 0.49 0.57 1.1 0.53 0.57 1.08 0.51
scenl 0.13 0.94 0.81 0.42 1.13 0.71 0.74 1.18 0.44
o scen2 0.12 0.87 0.75 0.14 1.03 0.89 0.22 1.13 0.91
_1 scen3 0.37 1.44 1.07 0.81 1.54 0.73 1.09 1.66 0.57
= scendA 094 24 1.46 202 265 063
O
~ scendB - - - - - - . - -
g scenb 0.51 1.3 0.79 0.95 1.38 0.43 1.1 1.57 0.47
$ scenD (25) 0.04 0.2 0.16 0.08 0.59 0.51 0.11 0.7 0.59
scenD (20) 0.06 0.4 0.34 0.09 0.63 0.54 0.05 0.72 0.67
scenD (15) 0.08 0.39 0.31 0.05 0.55 0.50 0.05 0.6 0.55
scenl 0.04 0.32 0.28 0.04 0.84 0.8 0.08 1.07 0.99
o scen2 0.04 0.12 0.08 0.05 0.53 0.48 0.07 0.89 0.82
_1 scen3 0.06 1.44 1.38 0.08 1.63 1.55 0.6 1.74 1.14
= scendA 018 28 262 0.08 2.8 2.72
G)
» scendB - - - - - - .
g scenb 0.06 0.75 0.69 0.07 1.08 1.01 0.27 1.37 1.1
$ scenD(25) 0.02 0.06 0.04 0.02 0.07 0.05 0.03 0.11 0.08
scen D(20) 0.03 0.07 0.04 0.03 0.08 0.05 0.03 0.1 0.07
scen D(15) 0.04 0.08 0.04 0.04 0.1 0.06 0.05 0.21 0.16
2.8
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.41 Cieling”
2.2 I D
2 L
1.8 M
= 16
E 1.4 A = M ]
Fulgs U i
19 . -
0.8 A HE T —
0.6 |:| rrrrr |
“1 " ®roor 09 0 - J
OA(ZJ ‘ ‘ : ‘ ‘ ‘ ‘ ‘ ‘ ‘D‘ |:||:||:|—_ P e ==
3393288883303 EQLHITILTCIETEES
SRR RS LRI ER RS S IR ERE S E

Figure 15: Flammability vertical width (GML 1 to 3) and position after 40 sec.
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Table 4 (continued 2)

t = 70 seconds

t = 80 seconds

Z|0W Zup Az Z|0W Zup Az
(m)  (m) (m) (m) (m) (m)
scenl 1.24 1.42 0.18 1.26 1.46 0.20
4 scen2 1.07 1.3 0.23 1.11 1.38 0.27
1 scen3 1.46 1.74 0.28 1.52 1.76 0.24
% scendA 2.18 2.45 0.27 2.15 2.47 0.32
— scendB 2.25 2.8 0.55 2.57 2.8 0.23
g scenb 1.66 2.45 0.79 1.87 2.65 0.78
DC:J scen D(25) 0.72 1.2 0.48 0.67 1.26 0.59
scen D(20) 0.5 1.18 0.68 0.5 1.2 0.70
scen D(15) 0.66 1.21 0.55 0.65 1.25 0.60
scenl 0.84 1.28 0.44 1.03 1.35 0.32
o scen2 0.55 1.17 0.62 0.79 1.24 0.45
1 scen3 1.21 1.7 0.49 1.35 1.78 0.43
% scendA - - - - - -
o~ scen4B - - - - - -
g scen5 1.19 1.65 0.46 1.42 1.76 0.34
DC:’ scenD (25) 0.21 0.82 0.61 0.41 1.06 0.65
scenD (20)  0.05 0.8 0.75 0.05 0.74 0.69
scenD (15) 0.05 0.66 0.61 0.06 0.72 0.66
scenl 0.11 1.24 1.13 0.18 1.38 1.2
o scen2 0.07 1.12 1.05 0.09 1.21 1.12
1 scen3 0.97 1.78 0.81 1.18 1.84 0.66
% scendA - - - - - -
™ scen4B - - - - - -
g scenb 0.31 1.55 1.24 0.62 1.67 1.05
DC:’ scen D(25) 0.04 0.23 0.19 0.03 0.71 0.68
scen D(20) 0.04 0.33 0.29 0.04 0.49 0.45
scen D(15) 0.05 0.37 0.32 0.05 0.64 0.59
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Figure 16: Flammability vertical width (GML 1 to 3) and position after 60 sec.
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Table 5: Vertical position and size of the flammability region in each room for all
Scenariol and dilution

t = 100 seconds t = 200 seconds t = 300 seconds
Ziow Zyp Az Ziow Zyp Az Ziow Zyp Az
(m (M) (m) m (m (m m (m) (m)
- o scenl 137 15 0.19 161 182 021 168 192 0.24
£ 1 scen D(25) 0.67 126 0.59 129 167 0.38 154 187 0.33
é % scen D(20) 067 13 0.63 139 176 0.37 159 195 0.36
scen D(15) 092 137 045 1.48 1.8 0.32 166 202 0.36
N o scenl 111 155 044 155 177 022 167 186 0.19
£ 1 scenD (25) 041 1.06 0.65 11 1.6 0.5 144 175 0.31
é % scenD (20) 0.05 098 0.93 0.07 162 155 0.05 188 1.83
scenD (15) 0.06 0.87 0381 0.07 165 158 0.07 192 1.85
™ o scenl 073 153 0.8 155 176 0.21 169 185 0.16
£ 1 scen D(25) 0.03 0.71 0.68 0.05 1.3 1.25 005 176 171
08:’ S scen D(20) 005 077 0.72 005 14 1.35 006 177 171
scen D(15) 0.05 0.74 0.69 0.05 112 107 0.06 167 1.61
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Figure 17: Flammability vertical width (GML 1 to 3) and position after 200 sec. (left) and
300 sec. (right)

6. Conclusions

The choice of fire-fighting tactics to use at the scene of a fire depends a lot on the situation
the fire-fighters will face upon arrival there. In this paper, commonly used tactics were
selected, based on one of the co-author’s experience as a fire officer. Depending on the
conditions, the particular risk of backdraft had to be considered, and CFD calculations were
used to characterize the effects of these tactics on backdraft mitigation.
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To estimate this risk, the warning signs that can be observed are [15]:

Pulsating gases in small gaps and openings.

Hot windows and doors indicate that temperatures are still high in the apartment
allowing pyrolysation to take place.

No visible flame in the fire room.

Whistling sounds around doors and windows.

If there is a serious risk of backdraft, the following factors will influence the choice of
tactics:

The most critical factor is whether there are people left inside the apartment or not. In
a life saving operation the time factor is critical, and the fire-fighters will have to use
the less time consuming measures. In this situation the personnel is usually taking a
higher risk since the attack is made with Breathing Apparatus (BA) team. The most
important thing for the BA team is to cool the smoke gases as soon as fresh air is
introduced in the apartment. The introduction of water spray has the effect of cooling
the gases, creating a better environment for fire-fighters.

Positive Pressure Ventilation may also be used in a life saving operation. However, it
is very important that the air stream generated by the PPV fan has a clear path to the
discharge opening. Nevertheless, Scenario 4 shows that the use of PPV can be very
effective for the venting of flammable gases. The danger of backdraft will increase
significantly during the first seconds, but decrease very quickly.

The use of PPV requires good knowledge and utilization experience. Scenario 5 clearly
shows that incorrect use of PPV can highly increase the risk of backdraft due to a long-
lasting highly mixed situation.

In a situation where it has been confirmed that there is no-one left in the building, the
use of a defensive tactic such as natural ventilation is very beneficial. This is clearly
shown in the CFD calculations. The apartment can be vented both through the front
door and e.g. a window on the back. There is a risk that the smoke gases may ignite
outside the building and therefore, water extinguishing methods should be ready
outside the opening. However, in defensive tactics, there is very low risk of human
injuries.

Dilution is the dominant extinguishing mechanism, and the method of spraying water mist
has proved very effective, provided that the dilution is sufficient. This means that the
volume fraction of the unburnt gases is below the critical fuel volume fraction, as the danger
of backdraft will be completely eliminated. It is important that as little fresh oxygen as
possible is introduced during the water mist spraying, and therefore it is very beneficial to
use tools such as piercing nozzles or cutting extinguishers. These tools have sufficient rates
(typically around 70 I/min.) to reach the required dilution level rather quickly, i.e.
approximately one minute for a classical size apartment. Nevertheless, if the volume fraction
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is still above this critical value, the danger of backdraft lasts much longer. Yet, fire-fighting
manuals recommend dilution as a tactic to use on underventilated fire.

The CFD calculations are proven to be very useful to estimate the effectiveness of the
different fire-fighting tactics. As they are a good complement to the fire-fighters’
experience, they can also be used for training and recommendations.
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Nomenclature

Cair The heat capacity of air (approximately 1 kJ/(kgK))
CFVF Critical Fuel Volume Fraction
CMC Critical Mixture Composition

D(X) Dilution level, corresponds to a scenario with X % mass concentration
GML Gas Measurements Line

LFL Lower Flammability Limit

Mo Initial mass of hot gases

Myap Mass of vapor added to obtain the desired dilution

Mchs Mass of unburnt gases (methane)

Qfan Flow rate of the PPV fan

t Simulation time

T Temperature

Ttinal Temperature of hot gases after dilution

Tin Temperature of hot gases inside the compartment

Tout Temperature of cold gases outside the compartment (ambient)
UFL Upper Flammability Limit

Vian Velocity at the inflow boundary, due to PPV fan

Vgas Volume of hot gases in the enclosure

Vuw Volume of water to cool the gases from Ti, t0 Trinal

X Mass concentration of unburnt gases (methane)

y Dilution factor (%)

Ziow Lower vertical limit of the flammability region

Zy Lower vertical limit of the flammability region
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AH,, Heat of vaporization for water (2260 kJ/kg)

Az Vertical width of the flammability region. Az = Z, - Zjow

Pyas Density of gases

Pin Density of hot gases inside the compartment (approximately 353/Tiy)
Pout Density of cold gases outside the compartment

Pw Water density in kg/liter (1 kg/l)

X Dilution ratio
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Abstract

The air flow to an underventilated compartment fire often depends on the flow velocities in
the gravity wave of cold air that feeds the fire with oxygen. This problem has been studied
in laboratory experiments and by CFD simulations. The main problem seems to be whether
mixing and entrainment between the two layers of hot and cold air has profound effect on
the flow velocities. In this article, an analytical gravity wave model that can calculate the
velocities in a simple gravity wave is presented. This model uses the equations of stratified
flow hydraulics and the translatory wave solution of the flow equations. It is found that the
velocities of the model compare very well to the velocities reported from laboratory tests
and numerical simulations. Numerical simulations of stratified flow in a CFD model are
discussed with respect to model construction. It is concluded that the densimetric Froude
number is the main parameter for the velocity calculations and the length/height ratio is
important for the friction forces.

KEYWORDS: Backdraft, gravity wave, density driven flow.

1. Introduction

Until recently, little research had been done on backdraft [1-4] in spite of how dangerous
this phenomenon is to firefighters. This event is very hazardous and dangerous and has
killed many firefighters in the past years [5]. The reason is undoubtedly the great difficulty
in understanding this complicated process: first the accumulation of gases from an
underventilated flame, then the gravity wave that carries oxygen into the compartment, and
finally the ignition and the backdraft explosion itself. When an underventilated fire dies from
a lack of oxygen, the enclosed room can remain full of hot unburned gases. If firefighters
enter through a door, a window breaks or an opening occurs, fresh oxygen is carried in by
gravity currents, and mixes with the gases. The crucial element is this wavelike gravity
current, i.e. whether its dilution with gases and smoke into a flammable mixture results in
backdraft or not.

The single most difficult detail in backdraft study is undoubtedly the time that elapses from
the opening of the compartment until the occurrence of the explosion, which is the time it
takes for the gravity wave to roll in and create the explosive mixture. This problem is highly
fluid mechanical in character and is therefore best studied by the classical methods of fluid
mechanics, reduced scale experiments [1-3], [6-8], CFD numerical modeling [9,10] and
mathematical analysis. Successful backdraft mitigation demands an understanding of the
gravity wave.

This study focuses on the velocity and thickness of the gravity wave that causes backdraft.
Stratified fluid dynamics are applied to find the thickness (height) and the velocity of the
gravity wave that carries fresh air into the compartment. The travel time of the wave from
the opening to the point of possible ignition and the oxygen carrying capacity of the wave
may thus be estimated. To do this, the translatory wave theory [11] is used, originally
developed by Stoker [12] and adapt it to stratified flow using [13], which is a very complete
and detailed work on gravity waves, describing in detail the theory of non-miscible and
miscible stratified flow, as well as wind-driven and buoyant flow. The fluid mechanical part
of the analysis is enclosed in the Appendix and will be referred to as necessary.
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2. Gravity wave on a flat bottom

A gravity wave is studied here, which progresses at a velocity V (see Figures 1 and 2). At
first the compartment is closed, but then suddenly a wall opens. Cold air flows in and an
equal amount of hot air flows out.

< »
< »

P »
al »

Figure 1: Definition sketch of a gravity wave flowing through a full opening

When the door opens, the initial pressure surge will settle down quickly and a neutral plane
will develop near the middle of the opening, with inflowing air below and outflowing air
above. The gravity wave will then develop in three phases, provided the compartment is
long enough. A time history of the flow will look like Figure 2.

Phase 1 Phase 2 Phase 3

v

Figure 2: Time history of the flow entering a flat bottom compartment

One can see that the evolution of the flow can be divided in 3 different phases. During
Phase 1, the wave accelerates from zero to full velocity. The second phase is the translatory
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wave, moving with almost constant velocity (see Stoker’s theory described in [12]). Finally,
the third phase is the retarding wave, when it looses momentum and slows down.

2.1. Phase 1: The accelerating phase

Just after the opening is lifted, the flow velocities are small, the friction negligible, and one
can use the unsteady Bernoulli equation.

%;‘_)(1)+P+pgz+%pv2 = Cst (1)

Taking the gradient of this equation, one obtains:

0 = . = 1 oy
a(pv¢)+V(P+p92+EpV )=0 2)

Multiplying by ds= (dxdy)and integrating along a closed curve that is a fluid pathline, one
gets:

§§p(vxdx +V,dy) = %ﬂwds 3)
gﬂV|dS+j;d(P+pgz+£pV2):0 (4)
ot 2

or

P, %\_/ﬁ = Ap,gh (V : average velocity over ) )

If one lets the pathline touch the floor and the surface, with, 7~ (L+h), av/at will be nearly
constant until L~h.

In an accelerating translatory wave, one will have:
DV oV oV
—as —~=0

=z _ 6

P2 Dt P2 ot ox (6)
oVt is higher in the wave than elsewhere on a closed path line and proportional to the
average acceleration. Now, by using the proportionality factor obtained from the unsteady
Bernoulli equation and including the acceleration forces in the depth integrated energy
equation for the gravity wave as an unknown inertial force, one gets:

¥,

ox y,—1 (7)

oV
P2 Eyz =-Ap,9

where t is the combined interfacial and bottom shear stress. Equation (7) shows how the
acceleration term on the left hand side is balanced by the pressure gradient in Phase 1 if the
friction t is almost zero. Later, in Phase 2, the acceleration term becomes zero and shear
stress and pressure gradient will balance each other. When the acceleration term becomes
zero, Equation (2) turns into the Bernoulli equation. It will approximately hold for the flow
outside the box in the cold fluid as velocities are low here. This gives an estimate of the
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maximum velocity of the flow into the box. A neutral plane at y = h/2 is estimated. Applying
Bernoulli’s equation to a streamline, close to the bottom, one obtains:

V = JAgh with A=P2"P1 (8)
(oD

Assuming linear acceleration (no friction) as shown in Figure 2, the average velocity is:

1
V. ==V 9
av 2 max ( )

Equation (5) can be used to estimate roughly the time necessary to accelerate the fluid up to
the Bernoulli velocity. One gets:

t, = ¢/ \/Agh (10)

2.2. Phase 2: The translatory phase

In air, only confined (closed) flow is possible, but in mixing zones of salt and fresh water,
unconfined (free surface) flow is the rule. With hydrostatic pressure distribution everywhere
in the compartment one would have:

PN =py, +p,Y, (11)

It is easy to see that the pressure gradient alongside the bottom is zero for this pressure
distribution, and therefore no fluid would flow into the compartment. This is the case when
dealing with stationary salt water wedges, that can be regarded as translatory waves with
zero wave velocity. Behind the salt water wedge where y, = 0, one has y; = (1+A)h, so fluid
will be flowing out under the action of a pressure head Ah. This extra fluid depth behind the
wedge does not exist in confined flows, where y,;+y, = h always holds. But by using
Boussinesq‘s approximation, one can exclude A everywhere except in pressure gradient
(buoyancy) terms, and then proceed to treat confined and unconfined flow the same way.

It is noted that the dense bottom current is treated as an open channel flow in a gravity field
Ag instead of g. Equations (A1) to (A7) in Appendix 1 are for stationary flow, but the open
channel flow equations have another solution, a translatory wave with constant wave
velocity equal to the water velocity [12]. In this phase, one has a translatory wave pushing
the light fluid out, and slowly pushing the interface upwards.

2.2.1. Derivation of the basic equation
The continuity equation for the lower flow (see Appendix 1) will be:

Nz Wz gy By Ve (12)
OX ot OX OX

The similar continuity equation for the upper flow gives directly:

q2:V2y2:q1:>V2:V1£ (13)

2
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By definition, the effect of mixing and entrainment on the overall densities will be small in
this phase and will thus be disregarded. One can use three equations to analyze the flow:

» The depth integrated energy equation for the upper layer (Equation (A6)).
» The momentum equation for both layers.
* The momentum equation for the lower layer.

a) The depth integrated energy equation for the upper layer.

d V/
I= _d_X{Y2 Y +£} (14)

To evaluate the headloss term I, Equation (A7) is used with p as the reference density pg,
and then one gets:

2
f. f. h
T ngy1|:Ep(V1+V2)2 :Epvzz(y_} (15)

1

Equation (15) is derived from the more general Equation (A5) by using Boussinesq’s
approximation mentioned earlier.

By identification between Equations (14) and (15), one obtains:

{yz +Y: +_} - .[0 y (16)

Assuming that y, is a parabola, it has the equation:

Y, Y2,0\/ X \/ X
Y2 _ 220 2y 1=2 17
h ~ h LWL (17)

The integral in Equation (16) is solved as:

J. _ _J. _ j dx _ 1 (18)

- ] (LW?T @)

Substituting this result in Equation (16), one obtains:

V22 W ? f. L V2
_ _ - _2|_¥ 19
yL y2,0 yl,O Zg (1 _ \V] +— Zg h ( ) ( )

b) The momentum equation for both layers. This equation results in:

1 V; 2y V7L
— Vo0 —VYio = =AhW¥? + -C 20
Yo~ Yoo =Y =5 201y “"gh (20)

Combining one gets:
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v, v’

0T 2y L[ f
R
1-y) 1-vy h{l-vy)

JAgh -
¢) The momentum equation for the lower layer. This equation results in:

(21)

1 o f; 2
(Ah S YLt Yoo "‘yl,o)_\lf2 gp,h = I(Ti + Ddx = _p2V22 L 2 v + In(l_\lf) + G4 pzvz2 L
2 0 2 yll-vy

or

V2L 1(2f
Y= Yoo~ Yio = Ah - EZFF[W_ZI(]-—W\V + In(l_‘lf)}"' 2C; J (22)

These are equations for V,, Y, and Y. Then f; and C¢ have to be estimated. Pedersen ([13],
Figure 7.2) suggests for fi:

277, — 2.45(n(R., 7. 72) -1.3) with R, = Un =Yy =Yo) (23)
A%

The theory for the growing boundary layer can be used to estimate C;. According to Prandtl
(chapter 7 in [14] Re. based on boundary layer length), one has:

C, == (24)

2.2.2. Graphical method to find CA in the Phase 2 equations.

The set of Equations (19), (20) and (22) needs to be solved in order to determine C, and
knowing the friction coefficients fi or C¢ or vice versa. The following dimensionless
coefficients A and B are considered, which represents the frictional effect:

A:Lf. and B:ZEC (25)
h' h

With these coefficients, Equation (21) reduces to:

2
Vo o _ C., - v (26)
JAgh '

2
(W] _2v + A ,+B
1-vy 1-y (d-vy)

Combining Equations (20) and (22), one obtains:

2o 2y

This set of equations has to satisfy the condition C, » = Cya.

V2

JAgh

= Cb,A = (27)
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This equation set is solved by iteration and used to produce Figure 3. It can be used to find
the velocity and the neutral plane height in the opening when A and B are known, or to
estimate A and B in experiments where velocity and neutral plane position are observed.
Then, the two nondimensional numbers C, and y can be determined. For example, taking A
= B = 0.1 one finds the values C, = 0.46 and y = 0.7. It may be noted that the C, = 0.50 is
the highest possible value in Figure 3, which is then the terminal velocity for Phase 2 for
frictionless flow. How much C, is below 0.5 can therefore be considered a tool to measure
the influence of bottom friction and turbulent shear stress in the interface between the
inflowing and outflowing liquids.

2.2.3. Discussion of the analytical results.

The equations leave us with implicit expressions for the depths of fluid 2 (the inflow), the
adverse pressure at the wave head and finally the inflow velocity. To complete the
calculation, the length of the gravity wave L must be known. In Phase 2, this is L = V.t
where t is the elapsed time, but as the wave has acquired some length as Phase 2 starts,
estimating L can be more complicated.

Friction is not very important for Phase 2 waves but plays a part. Pedersen [13] has
investigated many results and come up with the formula for the interfacial friction factor f;
(Equation (23)), which is based on 9 experimental series in a laboratory and 4 field study
series by various researchers. The results show a great scatter, especially the experimental
series. This is natural, as the velocity formulas clearly show that when they are used to
calculate the friction factor, only a small deviation in y, creates a large deviation in the
friction factor. In the same way, a small acceleration force will render a large deviation in
the friction factor, but by using Pedersen’s Figure (7.2), one finds that 0.01 is a fair estimate
of f; for clearly subcritical flows. In near-critical flows (F, < 1) the momentum exchange by
increased entrainment can change this friction factor, as discussed in [13].

2.3. Phase 3: The retarding wave

When the L/h ratio grows large enough the friction term will dominate C,, which becomes
smaller and smaller, whatever the value of y is. At the same time, turbulent mixing and
entrainment will change the density on both sides of the interface. In these processes, the
entrainment velocity should be taken into account, but that depends on the Bulk Flux
Richardson’s number [13]. Such gravity waves have to be very long and they are therefore
very difficult to reproduce in the laboratory. In short compartments, the wave will hit the
back wall and get reflected before Phase 3 starts. Therefore, the interest in Phase 3 waves
from a fire protection engineering viewpoint is debatable. In situations leading to backdraft,
it is more likely that the gravity wave will hit the opposite wall and be reflected from it
before going into Phase 3. Therefore, one will not consider the analytical treatment of Phase
3 waves at this point.
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Figure 3: Couples (A,B) solutions, and isovalues of CA satisfying the condition: Ca,A =
Ch,4

3. Comparison with experimental values

Here one shall compare the theoretical results to three experiments. Two apply to the
confined case and one to the unconfined case.

3.1. Experiments of Fleischman and McGrattan [1] (confined)

They conducted salt water experiments in their backdraft study and simulated the flow with
a Large Eddy Simulation turbulence model in a compartment [1]. This article gives a
remarkable qualitative observation of the gravity wave, as well as detailed quantitative
results on the propagation time of the wave and velocity field in the compartment, with a
good agreement between salt water experiments and CFD simulations. The following
experimental values for A and t* are taken from Figure 5 in [1]. The velocities are then
calculated using Equation (5) in [1] (L is here the total length of the compartment, t travel
time across) t = t*L/(Agh)? and Ve = L/t.

From this, one has C, = 1/t* = 0.43 with 2 significant digits. By using Figure 3, one gets y
between 0.67 and 0.72. This result may be accurate enough, but if one has the friction data
(not published in [1]), the complete theory of phase 2 flow analytical results can be used to
analytically determine v and C, by using Equation (27). When one assumes C¢ = 0.003, f; =
0.013, one gets A= 0.225, B = 0.107, w = 0.68 and C, = 0.43.

Table 1 below shows the experimental and analytical values for the terminal velocity.
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Table 1: Theory compared to Fleischmann and McGrattan results

Fleishmann and McGrattan - Experiments

Theory Phase 2

A t* t(s) Vex (M/S) Van (M/S)
0.01 2.3 5.69 0.053 0.052
0.018 2.2 4.06 0.074 0.070
0.04 2.25 2.78 0.108 0.104
0.07 2.3 2.15 0.140 0.137
0.1 2.2 1.72 0.174 0.164
0.250

@0.200

S .

>

50.150

o

Q

o /

Tg 0.100

= . + Experimental

@ —— Analytical

— 0.050

0.000 ‘ ‘ ;
0.000 0.020 0.040 0.060 0.080 0.100 0.120
Dimensionless reduced mass

Figure 4: Terminal velocity versus A for experiments and analytical theory

Table 1 and Figure 4 show a very good agreement between experimental and analytical
results, even if the terminal velocity has been calculated by only considering Phase 2. This
shows that Phase 1 is very short and can consequently be neglected in the determination of

the terminal velocity.

3.2. Experiments of Weng et al [8] (confined)

In these experiments, one series is performed with a full opening. All the v* results (terminal
velocity in [8]) are v* = 0.49-0.50. This terminal velocity is calculated the same way as C,
(Equation (27)) except that Weng et al use the lighter fluid as reference density.
Consequently, the v* results are 2 — 5 % higher than our C, for the values reported in Table
1 in [8]. They would be [IC, = 0.46 — 0.48, or about 5 % higher than the v* values.

However the agreement is very good.
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3.3. Experiments of Moghtaderi [15] (unconfined)

Moghtaderi carried out experimental studies of the structure of gravity currents using a
Laser Doppler velocity meter. Experiments were done in both adiabatic and isothermal
conditions. The isothermal boundary conditions showed a three-dimensional turbulence,
whereas adiabatic showed a more two-dimensional behavior. The turbulence was found to
be highly heterogeneous and its distribution was governed by the location of large eddies, so
one uses the adiabatic condition where this extra turbulence is not present. In these
experiments, one has an unconfined (open channel) wave. The measured head velocity is V,
= 0.1 m/s, A =0.048 giving C, = 0.42 and the reported L/h = 0.8/0.12 = 6.7. From Table 1
in [15], the Reynolds number of the wave can be estimated as R, = Vh/v = 8880. As the
L/h value is rather low [13], one uses Equation (24) for Cs.

c, - 13 13 _ 1.3 — 0,005

JRer \/R L /8880%6.7
“h

Giving B = 0.034, Figure 3 shows y = 0.66. This results in y,, = 0.08 and compares well to
Figure 9 in [15]. Then A = 0.3 is found by giving fi = 0.04, considerably lower than the
value of 0.1. Here one has a higher A and a lower f; than in Fleischmann and McGrattan’s
experiments [1], just as one should have according to the appendix.

4. Applications

Both physical and numerical experiments need to be carefully designed. A study of Figure 3
shows that C, varies between 0.3 and 0.45 depending on A and B. Experiments with L/h
ratios from 5 to 10 as is common in large buildings may be difficult to perform in a
laboratory. This may be helped by making the floor rough to increase Cs in order to bring
laboratory A and B up to prototype values.

4.1. Example 1

A reception hall is 25 m deep and 3 m high. At one end is a fireplace, and one wants to
know the eventual travel time of the gravity wave to the fire place and measure it in a salt
water experiment in a compartment in the scale A, = 10 in height and 2. = 15 in length.
Prototype Cs is estimated at 0.05 including furniture and decorations. What C; for the model
is needed?

Cim/Cip = (Rep/ReLm)™ = (Vo/Vi)"? (Lep/Lem)™ (vilvp) ¥ = (UDMIAYAD™ W™ (Vi
Ivp)"? = (Ay/Am)™ 1.8 3.9 0.26 = approximately 3 — 4. (here the subscripts m and p stand
for the model and the prototype respectively).

This applies if one builds a scaled model of the hall with all furniture and decorations. This
will increase model A and B and bring up too low C, results, and time travel results may be
20 % too low. One must find a way to reduce model C:n, to approximately 25% of
prototype Cs.
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4.2. Example 2

A 40 m long corridor, 2.8 m high, is filled with hot gas with density 75 % of air. It becomes
extremely flammable when mixed with air. A glow has been detected at the far end. A
deflagration travel time of 4 seconds can be added to the gravity wave travel time. Firemen
can open the door and run for cover in 40 seconds. Is it enough to escape the fireball? C is
estimated 0.003.

L/h=17.9,B=0.1, A=0.22 => C, = 0.43. t = 50/(0.43 (0.25 9,82 2.8)"?) = 44 s,

That should be OK! Even when not counting the deflagration travel time, which is
reassuring. Nevertheless, a CFD analysis should be recommended.

5. Discussion of the physics of the experiments

5.1. Experimental results

The analytical values from Figure 4 are generally in good agreement with the experimental
data. Taking Phase 1 into account improves the agreement a little, showing that friction
terms must be interpreted carefully when the Length/Height (L/h) ratio is low. This is
because of the Phase 1 time necessary for the accelerating wave to reach the terminal
velocity value and the fact that Phase 1 is dominated by inertial forces rather than friction.
The friction developed at the end of Phase 1 is quite high, but has little effect because of
how small the L/h ratio is, it increases with the increasing L/h ratio of the wave, and can be
estimated to be the dominating force when L/h reaches about 40. This is very close to the
entrance length in pipes, or the length it takes for the boundary layer to reach the middle in
a smooth pipe.

In Moghtaderi’s experiments [15], one has a Phase 2 wave with L/h ratio significantly larger
than in the unconfined experiments, but still too small to dominate the flow or bring it close
to Phase 3. The consequences are that friction factors are high in the low L/h ratio
experiments but diminish quickly. They are already up to 0.3 in Moghtaderi’s experiment
(L/h =6.7) from about 0.1 in the other experiments.

In Phase 2 gravity flow, no appreciable mixing is produced. Entrainment is high at the
beginning, but it decreases quickly, so when the compartment is fully open, a short gravity
wave transports more or less clean air to the ignition point. When the air wave comes
flowing through a narrow door or a window, one has a situation where the size of the
opening determines the flow into the room through the formation of critical velocities in the
opening. In this situation one will have a gravity wave with a constant flow, but such waves
are a little different from the purely translatory wave treated here. Another difference is that
the plume into the compartment can easily cause appreciable forced mixing if it hits the
floor from a considerable height. Then the initial mixture in the wave can have a Froude
number different from the inflow.

5.2. CFD calculations of gravity waves

Fleischmann and McGrattan’s [1] CFD flow pictures are very interesting as they show a
beginning vortex entrainment, which is generated inside the grid. Vortex entrainment and
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cusp entrainment exist in practice, and are discussed by Pedersen [13] (figure 6.2). The
vortexes in [1] are however far too great and they cannot be seen in the actual experimental
figures. The explanation of this discrepancy is twofold, firstly vorticity stretching is
prohibited in 2D simulations, and secondly stable stratification slows down the mixing
process. Mixing across a density stratification interface by action of turbulence creates
potential energy that is taken out of the turbulent energy that otherwise would be dissipated.
Turbulent dissipation is present in the sub-grid model only. The model may have to be
modified to include this recycling of turbulent energy back into potential energy by action of
turbulence, in order to represent the interface processes correctly. Figure 4.2.6 in Pedersen
[13] explains this modification in a quantitative manner. Bournet et al [16] calculate a
plunging density current by using a k- model where buoyancy is included in the macroscale
model as well as in the sub-grid model, by including a term function dependent on the
Prandtl number. They produce a convincing relation between entrainment and Richardson’s
number showing the characteristic sharp decline of entrainment with increasing stability
(higher R;). But they use a very special grid and special calculation procedures in order to
preserve numerical stability. Kassem et al [17] go a similar way with the same problem, and
include the strain rate in the sub-grid model. They also produce convincing results, even for
negative buoyancy. Comparing Fleischmann and McGrattan’s simulation to Bournet and
Kassem’s leave an unsolved question: should the potential energy gain be included in the
sub-grid model in order to simulate gravity waves in backdraft simulations?

6. Conclusion

The gravity wave that feeds fresh air to closed compartments can be calculated using the
equations of stratified flow given in the review papers by Pedersen [13]. Three flow phases
can be identified, accelerating flow (Phase 1), translatory wave (Phase 2) and retarding flow
(Phase 3).

The basic physical model for the unsteady motion of the gravity wave in Phase 2 is the
translatory wave model. The wave progresses with constant velocity driven by the pressure
gradient of the sloping interface. Such gravity waves on a horizontal bottom in a zero
pressure environment do have the form of a parabola. In the mild adverse pressure gradient
that drives the outflow, the parabolic form is assumed to be preserved without any loss of
generality. The unknowns are basically the wave velocity, the wave’s depth and the pressure
gradient driving the outflow. To calculate these quantities, there are 3 equations:

a) The depth integrated energy equation for the upper layer.
b) The momentum equation for both layers.
¢) The momentum equation for the lower layer.

The velocity of this wave is governed by the densimetric Froude number of the wave, based
on total fluid depth. With small friction, this Froude number turns out to be close to 0.44 in
three different experiments, giving the entrance depth of the gravity wave up to 70 % of the
total depth.

The velocity of the wave and the thickness of the gravity wave in the entrance of the box
can be found using Figure 3, provided that the interfacial and bottom friction is known. For
short gravity waves, when interfacial and bottom friction are still small and the flow is in
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transition from Phase 1 to Phase 2, a dimensionless velocity C, around 0.45 and a wave
height ration y (Equations (26) and (27)) around 0.72 are found.

A review of recent CFD calculations of stratified flows show a tendency to improve the
sub-grid turbulence models by including terms that recycle a part of the turbulent energy
production back into potential energy. This helps to reproduce the effect of the increasing
stability of the stratification observed in nature on the entrainment. So far, it is unclear
whether these improvements are necessary or not to cope with the gravity wave in
numerical backdraft simulations as frictional effects are not very important in low L/h
waves. At least Fleischmann and McGrattan produce simulation results for a gravity wave
on the borderline between Phase 1 and Phase 2 that, apart from large interface vortices,
look convincing. Their results that fall within the formulas for both Phase 1 and Phase 2 are
presented here.

Finally, it may be concluded that the method presented here gives reliable results for Phase
2 flows, and can be valuable in estimating gravity wave velocities and air carrying capacity.
Scientists planning model tests and CFD simulations get a valuable advance knowledge of
their problem when using this method. It also shows that fire safety experts can utilize
research done inside the fluid mechanic community for the benefit of their own science.

Nomenclature

A Dimensionless coefficient. A=(L/h)f;

B Dimensionless coefficients. B=2(L/h)C¢
Cs Bottom friction factor

Ca Non dimensional wave velocity

D Depth

f Friction factor

fi Interfacial friction factor

Fa Densimetric Froude number

g Acceleration of gravity

g Reduced acceleration of gravity

h Height of the compartment (confined case) or total depth (unconfined case)

Energy gradient
Length of the closed pathline

o

Length of the compartment
Longitudinal length of the wave
Pressure

O T r -~

Discharge per unit width
01 Flow rate of hot fluid
02 Flow rate of cold fluid
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Reynolds number

Reynolds number based on boundary layer length
Richardson number

Coordinates in flow direction

Elapsed time after compartment opening
Acceleration time

Characteristic time

Velocity of the entrained fluid

Minimum velocity of the flow

Maximum velocity of the flow

velocity of the gravity wave

Average velocity during the acceleration phase
Entrainment velocity

Velocity values from experiments
Maximum velocity, at the end of the acceleration phase
Flow velocity at point n

Horizontal component of velocity

Vertical component of velocity

Velocity of the hot fluid layer

Velocity of the cold layer

Terminal velocity

Horizontal coordinates

Vertical coordinates

Critical depth

Total depth in front of the gravity wave
Vertical coordinates of point n

Thickness of the hot fluid layer

Thickness of the cold layer

Thickness of the hot layer at point n
Thickness of the cold layer at point n
Elevation

Boundary layer thickness

Dimensionless reduced mass. A=(p-pr)/ pr
Compartment scale factor for prototype
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A Compartment scale factor (height)
M Compartment scale factor (length)
v Kinematic viscosity of the flow
Horizontal position inside the gravity wave

p Fluid density

PR Density of reference fluid

p1 Density of the hot fluid

P2 Density of cold fluid

T Combined interfacial and bottom shear stress

Ti Interfacial shear stress

Th Bottom shear stress

0 Velocity potential function

W Dimensionless gravity current thickness on depth ratio. =y, /h
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Appendix 1: Hydrodynamics of stratified flows

Here the general theory of stratified flows developed by Pedersen [13] is followed. We start
by showing a simple case of non-miscible flow, then develop the theory leading to the flow
chart on Figure 2, and introduce the effect of mixing later on stationary dense bottom
currents.

A one-dimensional flow of heavy fluid along the bottom of a basin of light fluid of density
pr is considered. One can study the effect of a local hump by applying Bernoulli’s equation
along a streamline from A to B (see Figure Al):

iy

X/X/X/X/X/I/B///;;x’//’
Pri1+4)

Figure Al: Schematic control volumes in a two layer zone model
1 1
PrID +Apegy, + EPR (1+ A)VAZ\ =pr9D +ApL0y, +EPR (1+ A)Vé (A1)

By using Boussinesq’s approximation, one can neglect the difference between pr and
pr(1+A) except in the buoyancy term. One obtains, after simplification:

V/i Vé

Ya 2Ag Ve 2Ag (A2)
V/i Vé

Ya 29 Ye 2g (A3)

This shows that by using g’=Ag, all the well-known open channel flow equations can be
reproduced. The dimensionless number:

g’y Agy
is called the densimetric Froude number and it characterizes the flow. All the well-known
phenomena and relations applicable in open channel flow can be directly transferred to the
dense bottom currents of the immiscible fluids using it. We just have to treat the current as

if the acceleration of gravity were reduced to Ag. Then, specific energy and critical velocity
arise when the Froude number is equal to one.

Paper [C] - 18



The stationary salt water wedge

(22a3)

lp=-dz/ds

Level of

reference - 5

Figure A2: Stationary salt water wedge (highly distorted scale)

This is an estuarine process, which has been much studied in laboratory testing and field
observations. References to works by hundreds of researchers are in [13]. The light fresh
water from a river floats on the more dense salt water of the sea (see Figure A2). The
density difference maintains a discharge in the upper fresh layer, and a circulation in the
lower salt layer. This is very similar to the unsteady translatory wave used in many salt
water tests in backdraft studies. In the interface, there is a shear stress:

6= p(U, U = EpV (A5)

where f; is the friction factor at the interface. The shear stress at the interface is balanced by
the longitudinal pressure gradient in the lower fluid. One then has the differential equation
for open channel flow. The depth integrated energy equation for the upper layer is:

d \V&
e

The depth integrated momentum equation allows one to write:

T = Pr (1_A)gy1| ~ prOY, | (A7)
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Appendix 2: Unsteady translatory gravity wave on a flat bottom

a) No mixing

The wave starts when the compartment door is opened. In practice this will cause some
initial pressure disturbance and a vortex formation in the compartment, which do not seem
to be included in CFD simulations. The wave progresses with more or less constant velocity
V (Figure 2), so the velocity of the fluid will also be V. Then the continuity Equation (12)
allows the solution:

q=yV y=y(©) §=x-Vt
when V is constant energy loss is equal to surface slope. With friction proportional to the
velocity squared and f; representing the friction factor, the momentum equation gives:

2
Momentum: ¥y =—l=-f v (A8)
0 29y

This equation integrates to:

2
Wave form: y* = f,

L —Xx); A9

Ag ( ) (A9)
The friction factor f is in two parts as before, bottom friction C; and interfacial friction f;
that for small F, can be estimated using Equation (23). L = V.t is the length of the wave
from the opening. If y, corresponds to y in x = 0, the following wave form can be used
instead of Equation (A9):

y? = yi(l—xL)

This is the most elementary form of a translatory wave. More complete forms can be for
example found in Stoker [12].

b) With mixing

No literature about mixing in translatory wave can be found, therefore the only possible way
to estimate mixing effect is to use data for steady state (constant q) results. Phase 2
translatory waves are quasi-steady (V is constant) and in equilibrium with flow resistance,
so effects of mixing should be similar. In CFD calculation this is the only data that the sub
grid model, controlling local mixing, can be built on.

We have ([13] Equation (4.2.3))
ai(%Apgy2 +pViy) +pV U +1, +1, =0 (A10)
X

Ve is the entrainment velocity and U the velocity of the entrained fluid, that would
essentially be proportional to the velocity of the upper fluid, that again is close to V.
According to [13], Ve/V for high densimetric Froude numbers is of the order of magnitude
0.1 for buoyant plumes ([13] Equation (4.2.9)) and in dense bottom currents ([13] Figure
6.6 and Equation (6.14)). These estimates by Pedersen are based on an immense number of
laboratory data (see [13] figures 7.1 and 7.2).
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Judging from this, we would have three flow resistance terms, bottom friction, interfacial
friction and entrainment resistance, all proportional to pV,: Adding all up, the flow
resistance in the mixing case should be:

1
2

Ct and f; are estimated using Equations (23) and (24), the friction factors are both an order
of magnitude less than 0.1. In the mixing case, we therefore have f; = 0.1.

f.=pV?= (% + C; +fi)%pV2) (A11)

The Phase 2 flow will start out with great mixing and a densimetric Froude number of 0.7 —
1.0 (Equation (4)). Judging from [13] Figure 6.6 when the velocity diminishes and Phase 2
turns into Phase 3, Ve/V quickly reduces and approaches the f; and Ct values, but at the
same time, L/h increases so A and B will most likely not diminish.

It should also be noted that mixing will increase the volume of the wave. The continuity
equation only counts the dense liquid flow, ([13] chapter 4.1), so the neutral plane (V = 0)
will be higher. The total flow in the gravity wave will be the dense fluid plus entrained fluid.

0t = q(X) + Vex

Great care must therefore be taken when extending the Figure 3 results to Phase 3 flows.
This can produce reliable results but cannot be generally recommended.
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Abstract

In enclosure fires, density driven vent flow through an opening to the fire compartment is
directly dependant to the state of the fire and the evacuation of smoke and hot gases. If a
fire is strongly under-ventilated, there may be sources of heavy production of flammable
gases. If a sudden opening occurs, e.g. a window breaks or a fireman opens a door to the
fire compartment, fresh air enters the compartment and mixes with hot gases, thus creating
a flammable mixture that might ignite and create a backdraft. In this article, we consider the
critical flow approach to solve the classical hydraulic equations of density driven flows in
order to determine the gravity controlled inflow in a shipping container full of hot unburnt
gases. 1/3 of the container's height is covered by the horizontal opening. For the initial
condition, i.e. just before opening the hatch, zero velocity is prescribed everywhere. When
the hatch is opened, the incoming air flows down to the container floor and crosses it
without meeting any resistance other than normal frictional resistance. The classical way of
estimating vent flows in fire safety engineering is to assume that the gases in the fire
compartment are either well-mixed or stratified. In this paper, we take a different approach
to estimating vent flows, using the critical flow condition and an alternative velocity profile
based on experiments. Two flow correction coefficients are considered at the opening,
taking into account the uneven distribution of velocity (o) and the effect of mixing and
entrainment (C). These semi-analytical results are then compared with CFD simulations
performed for the same geometry. Good agreement is found between semi-analytically
calculated and numerically obtained flow characteristics, confirming that the quantitative
determination of the o and C correction coefficients was reasonably accurate. This also
shows that the proposed semi-analytical method can give a good approximation of average
velocities and flow rates in gravity currents, for this geometry.

KEY WORDS: critical flow, vent flow, backdraft, gravity currents, CFD.

1. Introduction

This study is a part of a research project which aims at understanding the gravity currents
that are important in fire safety engineering, because of their role in transport and mixing of
gases and smoke, which can lead to backdraft. When an under-ventilated fire dies from a
lack of oxygen, the enclosed room can remain full of hot unburnt gases. If an opening
occurs, for example a window breaks or firefighters open a door to the room, fresh oxygen
is carried by gravity currents, and mixes with gases. The dilution of gas with oxygen may
create a flammable mixture resulting in ignition and a backdraft gas explosion. This
phenomenon is very hazardous and dangerous, and has killed many firefighters in the past
years.

Many of the studies and observations concern the plunging density current produced as a
cold river enters a warmer lake. The density difference makes the cold water sink under the
ambient water, and creates an underflow. Pedersen [1] has achieved very complete and
detailed works on gravity currents, studying and describing in detail the theory of non-
miscible and miscible density driven flows, as well as wind driven and buoyant flow. This
theory of density driven flows has been discussed and applied to a gravity wave entering a
flat bottom compartment with full opening (Eliasson et al. [2]).
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Essential problems such as the state and evolution of the fire or smoke filling and
evacuation depend on the flow through the opening to the fire compartment. Kawagoe [3]
suggested the first semi-empirical model for vent flow calculation, assuming a ventilation-
controlled fire and a “well mixed” condition inside the compartment. Based on the same
assumption, Rockett [4] showed that the inflow was mainly dependant on the shape of the
opening rather than on the temperatures. However, several studies have found that his
model tends to overestimate the actual vent flow, particularly for large openings. Precise
descriptions can be found for various shapes of openings, resulting from experiments
(Steckler et al. [5], Thomas et al. [6], Babrauskas and Williamson [7]) or from numerical
simulations (Chow and Zou [8]).

There are various publications containing formulas for a density driven flow through an
opening. The best known is perhaps from Emmons [9], also presented in textbooks such as
Karlsson et al. [10] and Drysdale [11]. Traditionally, two different flow situations are
considered in vent flow calculations: the well-mixed-case where the enclosure is considered
to have a uniform gas temperature over its entire volume, and the stratified case where the
enclosure is only partially filled with hot gases, creating a two-zone model with a upper
volume with uniformly distributed gases, and a lower layer of ambient temperature. In both
cases, the relationship between the velocity profile and the pressure profile through the vent,
obtained with the Bernoulli equation, is used to express the velocity as a function of the
height, for both inflow and outflow. In the well-mixed case, the mass flow through the vent
depends only on the interface height at the opening, which is determined by equating the
mass in and out, using the principle of mass conservation. On the other hand, in the
stratified case, the mass flow rate depends not only on the interface height but also on the
hot layer height in the compartment, leading to a system composed of two unknowns for
one equation. The classical approach does consequently not allow an explicit solution in the
stratified case, but demands a numerical solution. In this article, we will use a different
approach based on the critical flow theory. This theory assumes that the hot fluid flows
freely out of the compartment, and consequently passing the obstacle at the top of the vent
requires minimum specific energy. This leads to a Froude number equal to one, adding an
extra equation to the traditional approach. In the particular case developed in this paper, the
results obtained using the critical flow theory are similar to the ones obtained with the
traditional approach in the well-mixed case. One of the interesting aspect of using the
critical flow theory is that it adds an equation to the traditional approach and therefore
allows an explicit solution to the vent flow problem. A short description of the theory of
critical flow and its application to vent flow is presented in Appendix at the end of this
article.

The inflow also depends on flow coefficients that are due to boundary layer mixing and
friction at the interface between the two fluids. Such coefficients have to be extracted from
experiments or numerical studies and are often admitted from literature without further
research. Fleischmann and McGrattan [12] obtained experimentally a very different velocity
profiles (see Fig. 3) than the ones described by the traditional approach, which was
confirmed by numerical calculations. This particular velocity profile justifies the particular
effort made in this paper to determine the flow coefficients that suit our geometry and
boundary conditions. The primary results were adjusted by comparing them with the data
from Fleischmann and McGrattan [12], who conducted experimental and numerical analysis
of gravity current prior to backdraft..

The semi-analytical description of the flow through the opening is then applied to the
experiments carried by Gojkovic [13], who conducted a series of 13 experiments using a
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bigger experimental compartment. The results are then compared to a transient numerical
simulation using the ANSYS CFX computational fluid dynamics code [14]. In the reported
simulations, the Detached Eddy Simulation (DES) approach [15] was used to model flow's
turbulent behavior.

The geometry and boundary conditions in this paper follow the experiments carried by
Gojkovic [13], who conducted a series of 13 experiments using methane as fuel, giving a
detailed picture of the temperature field during the backdraft.

2. Geometry of the backdraft experimental apparatus

The geometry container used for our calculation is a standard shipping container, measuring
5.5x2.2x2.2 m (length x width x height). The container has been modified in several ways to
fulfill its purpose as an experimental apparatus. This geometry is shown in Fig. 1. Complete
description of the apparatus’s geometry and the experiments are reported by Gojkovic [13].

Fig. 1: CFD geometry of the backdraft experimental apparatus (Gojkovic [13])

In this article, we are particularly interested in the shape of the opening. It is vertically
centered, 0.8 meters high and 1.90 meters wide.

3. Semi-analytical technique

3.1. Determination of the equations of the inflow and outflow

In order to determine the velocity field at the inflow, we follow the general theory of density
driven flows developed by Pedersen [1]. A sketch of the opening is shown in Fig. 2.

Paper [D] - 4



HOT

(pn, Th, Vi)

COLD

(Pc, Te Vo) y \J i

| _y=0,P=1atm .
X - —— ng

Fig. 2: Sketch of the inflow at the opening of the container

The depth-integrated energy equation for the hot layer in the opening is:

1 2 1 qﬁ
E<=P,+p +—o,ph Vi =Py +p +—ooh—— 1
s = Fo+Pndy o hPh ¥h 0 TPn9Y o h h( y)2 ( )

where o is the velocity head factor of classical hydraulics [16] accounting for uneven
distribution of velocity in the flow section. This factor equals one when the velocity
distribution is even, and it will be discussed in section 3.2.2.

We seek a steady state solution for the velocities Vy, and V, that only depends on the density
difference, but not on the initial pressure P,. In the beginning, just after the opening of the
hatch, the flow is indeed influenced by the initial pressure conditions as the velocity
fluctuations in Fig. 6 in [12] clearly show. When steady state is obtained, a difference in
static pressures between the inside and the outside develops so the inflow and outflow will
be equal. This requires critical flow (Eq. 3.1.6 in [1]) in both layers. In a critical section the
specific energy has a minimum:

dE, dP, q’
*=—L4p g+ ——=0 2
dy  dy P9+ o, Py (H—y)3 (2)

Assuming a constant density p. and hydrostatic pressure distribution in the section of
opening where the streamlines are almost horizontal, we will have:

dp, d

PR i — (. = — 3
dy dy( P.aY) =—p.d 3)
Inserting this in Eq. (2), we have:

" (4)
(H-y)

Oy Ph

This is similar to a critical flow condition in conventional open channel hydraulics [16].
Here, it is necessary to introduce a velocity correction factor Cy. This correction factor
would be equal to one for immiscible frictionless flow, but will in reality be somewhat less
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than one as mixing slows up the flow. Eqg. (5) ensures a densimetric Froude number F,=1,
as required for critical flows when C,=1, which finally leads to:

v2 =2 890 =Y) in A — PPy and g =V (H-y) (5)
oy, P

Similar considerations for the cold layer result in:

V2 =2 28 ity o, = Pe P 6)
o Pc

With C; = 1, when friction and mixing are not taken into account, the densimetric Froude
number of the outflow will also be Fy= 1.

The C;, and C. are empirical correction factors, which are functions of the Reynolds number
as discussed in [12].

Pedersen [1] explains that the same formulae apply in density driven flows as in
conventional open channel flows just by exchanging the acceleration of gravity g with a
reduced acceleration of gravity Ag. This is what we will do here, only in our case, we
consider two different A, Ay, for the hot layer and A, for the cold layer.

Assuming incompressibility of both flows, the continuity equation leads to ¢, = gc, which is
equivalent to:

Jo W, = Jo, (H-y)V, (7)

Eq. (7) can be expressed as:

Vi) [y Yao
(Vc] _(H—y] a, ®)

We can as well combine Eqgs (5) and (6):

2

(ﬁ] — H —Y QP (9)

Ve y o,py
Equalizing the Eqgs (8) and (9), we get:

3
y p

— | === (10)
( H- y] Pn
We finally obtain the depth of the cold layer:

H

= 11

T ip)” -

Using Egs. (5), (6) and (11), the average velocities V,and V. can then be expressed as:

1 1
V, = Ch\/a—hAhg(l—WJH (12)
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1

1
Ve =C¢ \/O‘_CACQ(WJH (13)

The equations (11), (12) and (13), obtained by the critical flow theory, are similar to the
ones obtained by Emmons [9] with the traditional approach in the well-mixed case, except
for the correction coefficients. These coefficients allow considering the particular shape of
the inflow velocity profile, which is very different from the one considered in the traditional
approach.

Note that the flow regime described above with critical flow condition for both layers is
only valid before the filling of the container has reached a certain level. When the depth of
the gravity current y,, approaches the level of the neutral plane, we will reach a different
flow regime, with the neutral plane moving up. In this second flow regime, only the upper
layer will remain critical, and the lower layer will be sub-critical, with velocity V. < V. In
this article, we assume that backdraft will occur during the primary flow regime. We will
not, therefore, describe the second flow regime in detail.

3. Discussion of the flow situation and the correction factors a and C

The flow correction factors are often included in one general flow coefficient, whose value
can be between 0.6 and 0.7 for vents and openings [10]. In this section, we will discuss their
physical meaning, the flow situation and try to define realistic value for our geometry.

3.2.1. The flow situation

When inside the container, the inflow falls down to the floor (Fig. 2) and the neutral plane
between the hot and the cold air will rise. This will not change the inflow, as changes in
back pressure do not change critical flows, until the neutral plane has reached a level
sufficiently high to affect the pressure in the critical section in the opening. The inflow will
then change to subcritical, slow down and the neutral plane in the opening will rise. The rise
can be calculated as the outflow in the hot layer will stay critical.

These calculations will however be difficult. The free fall of the cold air will create quite a
splash on the container floor and forced mixing. The mixed air flows across the container
through a hydraulic jump [17] with more mixing, splashes on the back wall and is reflected
back. All this happens in a matter of seconds and the density of the resulting mixture in the
bottom of the container is difficult to determine.

Nevertheless, the volume of cold air inside the container will be known at any time so the
position of the effective neutral plane, i.e. the neutral plane position if there was no mixing,
can be determined. Using it in the calculations will give the time for the rise of the neutral
plane up to the opening. This could be a measure of the maximum time from the opening of
the hatch until backdraft sets in.

When subcritical inflow has set in and there is no longer a significant pressure difference
between the cold air on the outside and the hot air on the inside, Eq. 1 can be used to find
the height of the neutral plane inside the container. If the velocity approaching the opening
in the hot layer is small, the distance from the upper edge of the opening to this neutral
plane will be equal to 2/3 the depth of the hot layer at the opening (see Appendix). As soon
as the neutral plane is in this position, the interface at the opening will rise and the flow
discharge will start to diminish.
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3.2.2. Significance of the coefficient a

The coefficient a is defined in [16] as the Kkinetic energy correction factor of conventional
hydraulics, due to uneven distribution of velocity in the opening section. With our notations,
Eq. (14) in [16] gives:

Lt V(VV Tdr (14)

rs, \ V

In [11], the shape of the velocity profile is similar to potential flow in a 180 degree bend
around a wall end. In that situation the velocity obeys V ~ 1/r. (see Section 6 in [18]). We
have to relate our velocity profile to the boundary layers that exist in real flows but not in
potential flow. We also introduce an empirical constant A. Now, the velocity profile can be
modified to V=A/r+Vp, and this is used as an approximation to the true velocity profile in
the opening. A sketch of this profile is shown in Fig. 3. A more precise plot of the velocity
profile is shown in [12].

dp

\Top of

[ opening

Vmax

Fig. 3: Details of the shape of the outflow
With the modified potential flow condition, Eq. (14) is:

LA (y—ab)z( 1 _1J

2

3 s 3 r 2 -2
a=1 V[LJ gr=—Y =% O Y (15)

rds, ( V,, 1 (yAdrT Ay 3
A {y
(y—8y)° Jow r dy

Observations of values for y and 6 from [12], using Eq. (14), give us as reasonable estimate
for the value of a: op= 0c=1.2

3.2.3. Significance of the coefficient C

A detailed qualitative description of the mixing in gravity currents was given by Fleishmann
and McGrattan [12], for the experiment as well as for the numerical simulation. Their
figures show the importance of the mixed region at the interfacial boundary layer, especially
near the opening. We see from the figures the influence of the shape of the opening.
Namely, the opening that covers 1/3 of the container's height produces gravity currents with
much more mixing than the full opening.

We consider the interface between the two layers, where we have the entrainment velocity
Ve [1] and the mixed density pmix. Details at the interface are shown in Fig. 4.
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The continuity equation for the control volume in Fig. 4 gives:

Ph(Vh(H-y) - VEIi,cv) + pcVEIi,cv = pmixvhlo,cv

(16)
Vel .
+ E'icv Ah — meX (17)
V,(H-y) Ph
BYEA, = A, with A, =PmxPn (18)

Vi Pn

We can define the “true A”, denoted by Aw,, Which takes into account the mixing.
Ape = A — ALy -

true

The critical densimetric Froude number can be written as:

F = Vi 4 (19)

V Atrueglo,cv

Control volume

Ph

Neutral plane
|

Fig.4: Details of the mixing area at the interface

V I Anpi [
F, = h = o.cv 1-2mixy — ¢ (9.0 20
T Taatiy Ny T Ry 20

AV
Znix —gYE —1_C2 = Pol(A 21
. Y (A) (21)

h h

Eq. (21) assumes that the relation between the coefticient C and A is a polynomial of A that
approximates the true unknown function [1]. The coefficient is therefore considered to be a
polynomial in A. We choose to determinate the C coefficient using the results of
Fleischmann and McGrattan [12], as their results for physical experiments and numerical
simulations are in good agreement. We will use their simulated values for comparison.
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However, their results do not show the real average velocities for inflow and outflow,
respectively. This is because the position of the velocity probes is fixed and not regulated
according to the variations in the depth of the cold layer y as shown by Eq. (11). Therefore,
a minor adjustment of the measured average probe velocity values in [12] is needed in order
to find the adjusted average velocities in the two layers.

The continuity equation at the opening, considering the simulated average probe velocities
and the position of the neutral plane y, must be fulfilled. But with the average probe
velocities reported in [12], the following inequality is obtained:

VaY > Vg (H-Y) (22)

This does not respect the continuity equation. But if a small correction dV is applied to the
simulated average probe velocities, the following relations are obtained:

(Ve —dV)y =(V, +dV)(H-y) (23)
dV =Vg.y - Vg, (H-y) (24)

We finally have our adjusted average velocities of outflow and inflow, noted Vi, 5gjand V¢ ag;:
V, e = Ve, +dV (25)

h,true

V.

c,true :VSC —dVv (26)

We calculate Vy, and V. using Egs. (12) and (13) for different values of A, taking into
account a, = a; = 1.2 and H = 0.4 m as in [13]. Fig. 5 shows these calculated values, the
simulated values extracted from Fig. 8.b in [12], and the adjusted velocities calculated with
Egs (25) and (26).

The simulated velocities give us the C coefficient, defined as the ratio between the simulated
values and the calculated velocity values for the geometry of the experiments described in
Fig. 8.b in [12]. The adjusted velocities allow us to calculate the adjusted coefficient Ci g =
Visagj | Vi. These coefficients are shown in Fig. 6. We can note that C,# Ce, but Cpagj = Ceaqj
(the two curves match perfectly). This confirms the necessity to adjust the average probe
velocity, so the position of the neutral plane is respected in estimating the real average

velocities of inflow and outflow, respectively. The function 1-C?,; is also plotted. The

trendline gives us a polynomial function, which confirms the observation from Eq. (21).

Finally, if we apply a power curve fit to Cy.g and C.aq, We obtain the following relation
(with max. error = 3.2 %):

C = Ch,adj = 0-6641A—hO.1964 (27)

c,adj

This relation will be used in section 5 of this paper, where comparison between Gojkovics’s
[13] experiments and calculations are made.
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It should be noted that changes in geometry and all external disturbances of the flow will
influence the value of correction coefficient C presented in Fig. 6. The coefficient takes into
account the gravitational effect of mixing and the retarding effect of the internal fluid
friction at the interface. These two effects are also related, because both result from the
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fluid entrainment across the neutral plane rather than free boundary shear. The use of one
coefficient is therefore not as unrealistic as it might seem. The possibility exists to find this
coefficient with CFD simulations and this will be discussed further in the paper.

4. CFD approach

The approach is based on solving a complete set of transport equations in their discretized
form. Due to turbulence and changes in material composition, the Favre-averaged form [14]
of transport equations has to be used. Beside the mass and the momentum transport
equation for the mixture:

op+0;(pvi)=0 (28)
Oy (pvi) +0;(pVjVi) = —ai5+aj(u(aivj +aivi) —§M(5|V|)5jij+ 9(p — Prer) — 9j(PVj'Vi') (29)

the transport equations for the components CH,4, O, H,O and CO, are needed:

at (PEC )+ aj (pngc ) = aj (pDcajEc )_ aj (pvj'éc ') (30)

Furthermore, the energy equation was written for the total specific enthalpy:
Oy (pﬁtot )— Oyp+0; (p\_/jﬁtot ) = aj(kajf)_ aj(PVj'h 'tot) (31)

In the present work, the CFX version of the Detached Eddy Simulation (DES) model [14]
was used to model turbulence. Using the Large Eddy Simulation (LES) turbulence model to
resolve flow structures in wall boundary layer flows at high Re numbers requires fine grid
resolution, which is computationally extremely expensive, and therefore not useful for most
industrial flow simulations. The DES model is an attempt to combine elements of RANS
and LES formulations into a hybrid formulation, where Menter’s Shear Stress Transport
(SST) model is used inside attached and mildly separated boundary layers, and the LES
model is applied in massively separated regions. To distinguish these two regions, a
turbulence length scale, calculated as [19], [20]:

Jk

e =
RANS
C“co

(32)

is compared with a length scale associated with the local grid spacing 6 and the LES model:
les = Coes 8 (33)
The DES model switches from the SST model to the LES model in the regions where the

turbulence length scale Irans is larger than the local LES model scale | gs .

Turbulent viscosity is defined as in the SST model as a ratio between turbulence kinetic
energy k and eddy frequency o:
a,k

= (34)
max(a, o, F,S)

My
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Turbulence heat and mass fluxes are then calculated as

i =Y i and v E = Lg e (3)

t Ct

Usually, the molecular mass diffusivity pD. is small compare to the turbulence mass
diffusivity p/Sc; and is often unknown.

Initially, the container is filled with a mixture that contains methane, air and combustion
products. Gojkovic [13] reported the total amount of methane that was released into the
compartment. The fuel inventory was partially reduced due to initial burning, and the
resulting composition of the mixture was rich in unburned methane and combustion
products with a relatively small amount of oxygen that is unable to support burning. In view
of the uncertainties, the following initial content was assumed in the model for all simulated
cases:

Wen, =0.22, Weo, =0.02 (36)
W0 =0.04, Wo, =0.1196, ¥y, = 0.6004

The initial velocity was set to 0.0. Temperature inside the container was varied to obtain a
desirable value of A,. Therefore, Ty, was 37.5°C for A, = 0.2, 75.0 °C for A, = 0.4, 125.0 °C
for A, = 0.6, and 175°C for A, = 0.8.

For the external initial composition, we assumed fresh air:

Wen, =0.0, Yo, =0.21, Wi, =0.79, Yo, =0.0, ¥h,0 =0.0 (37)

and an initial temperature of 5 °C in all cases.

For the simulations' boundary conditions, the no-slip, smooth, adiabatic boundary
conditions were set for all walls. At the outermost boundaries of the domain, wall
conditions were set at the floor and pressure conditions (‘openings’) at the remaining
boundaries, with an ambient temperature of 5 °C. At openings, flow may enter or leave,
depending on the local pressure just inside the boundary.

The ANSYS CFD software [14] was used to set up the gravity current model and to solve
the transport equations for mass (28), momentum (29), species (30), total enthalpy (31),
turbulence kinetic energy and eddy frequency, with the described initial and boundary
conditions.

5. Application to Gojkovic’'s experimental compartment -
comparison between semi-analytical and numerical results

We have, in the previous part, defined the equations of the outflow (5) and inflow (6) at the
opening of the container as well as the position of the neutral plane. The equations and flow
correction coefficient can be now adapted to the experimental container. Fig. 7 shows the
velocities computed semi-analytically, as well as the results of the numerical simulations
performed with the ANSYS CFX code. A three-dimensional numerical mesh with 162552
nodes and 862811 elements was generated to perform the numerical analysis. The average
mesh spacing inside the enclosure was 5 cm. The initial time step was set to dt=0.005 of the
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gravity wave timescale L/ JA,gH . Four different cases were simulated with A, = 0.2, 0.4,
0.6 and 0.8, respectively.

Fig. 8 shows the height of the neutral plane for both the semi-analytical and the numerical
calculations.
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Fig. 7: Average Velocities at the opening for the Gojkovic experimental apparatus (height
of the opening =0.8 m)
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Fig. 8: Height of the neutral plane at the opening for the Gojkovic experimental apparatus
(height of the opening = 0.8 m)
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Table 1: Flow characteristics at the opening for the Gojkovic experimental apparatus
(height of the opening = 0.8); comparison between semi-analytical and numerical results

. V V, Y
et (m/hs) (m/cs) (m%s) (”%7 9 (m% ) (m)
A o Cc analyt ~ simul analyt  simul analyt  simul  simul analyt ~ simul
0.2 12 0.905 0.729  0.588 -0.685 -0.518 0.537 0.501 0.469 0.412 0413
04 12 0.793 0.884 0.760 -0.790 -0.611 0.634 0.601 -0.591 0.423 0.441
06 12 0734 0.987 0.929 -0.844  -0.697 0.691 0.731 -0.677 0.431 0.442
08 12 0.69%4 1.065 1.057 -0.876  -0.761 0.731 0.821 -0.747 0.439 0.447

Note that the CFD results are averaged over a time period between 1.2 and 6.8 s after door
opening, when the flow is stabilized after the initial phenomena.

Analysis of the results

The comparison given in Fig. 7 and 8, as well as in Table 1, show a good agreement
between the semi-analytical and the simulated values when Eq. (27) is used for the
correction coefficient. A small change in C causes the semi-analytical results to be within 5
% of the CFD simulation. The correction coefficient for the Gojkovic experiment in the
semi-analytic method is therefore:

Ceaty =Chag = 0.6229A, > (38)

The semi-analytical results show an increasing height of the neutral plane as a function of
the density temperature, whereas in the CFD results the height stays approximately
constant. The semi-analytical calculations take into consideration only the conservation of
volume and mass. On the other hand, the numerical simulations also capture mixing
phenomena in the developing shear layer, and related heat and mass transfer effects.

We can define a difference ratio R for a value X as:

Xanalyt - ><simul

R(X) = % (39)

analyt
By considering the values in Table 1, we can calculate the difference for each flow

characteristics. The calculated values of difference ratio R are summarized in Table 2.

Table 2: Difference ratio between analytical and simulated flow characteristics at the
opening for the Gojkovic experimental apparatus. (height of the opening =0.8)

An R(Vh) % R(Vo) % R(Qn) % R(Qo) % R(Y) %
0.2 19.35 24.46 6.77 12.68 0.03
0.4 14.10 22.64 5.26 6.74 4.31
0.6 5.92 17.35 5.75 2.04 2.54
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0.8 0.77 13.10 12.43 2.25 1.78

Most of the cases show 5% to 20% difference between the results of the semi-analytical
procedure and the CFD simulations when Eq. (27) is used. Moreover, this difference drops
to under 5 % when Eq. (38) is used. Eq. (18) shows that the mixing area and entrainment at
the interface is inversely proportional to the velocity. It shows that the influence of mixing
at the opening increases with smaller velocities. Consequently, the imprecision of the
presented semi-analytical approach due to mixing and entrainment is larger at small A. This
explains why a better match between the semi-analytical and the CFD results is obtained for
higher velocities.

The correction factor Eq. (27) is calculated from the results of Fleischmann and McGrattan
[12]. A source of inaccuracy in their data comes from positioning of the probes relative to
the neutral plane. Specifically, the probes were fixed but the neutral plane varies with A.
Moreover, once we have determined the correction factors, we use them for a different
geometry, which is potentially a source of additional error. The comparison of Eq. (27) and
Eqg. (38) shows the size of this error.

6. Conclusion

In this article, we discuss a semi-analytical approach, which calculates the characteristics of
the steady-state flow created by density difference at the opening of a container full of hot
gases. In a stratified case, solving vent flow equations by application of the Bernoulli
principle leads to two unknowns, the height of the neutral plane and height of the hot layer,
which does not allow an analytical solution of the problem but demands a numerical
solution. This new approach, based on the critical flow condition, overcomes this and
allows direct calculation of the flow through the vent.

Our goal was to determinate the characteristics of the flow in a container used by Gojkovic
[13] to perform backdraft experiments. Therefore, we used the results of two transient
analyses, one based on experimental and simulated results for a small container [12], and the
other simulating the Gojkovic’s backdraft experiments using the ANSYS CFX software.

An essential element in this study is the mixing and entrainment at the interface between the
hot and cold layer. This mixing, in a geometry similar to but smaller than the one used by
Gojkovic, was particularly well described by Fleischmann and McGrattan [12]. These
observations show the necessity to add correction factors to the results obtained by the
classical hydraulic equations, taking into account the shape of the opening and the mixing at
the interface. Therefore, we used their results to determine the correction factors C and a,
and then adapt them to the Gojkovic experiments.

The semi-analytical results are then compared to the CFD results. These comparisons show
good agreement between the semi-analytically calculated and the numerically obtained flow
characteristics, even if the semi-analytical approach is based on volumetric flow rate
(incompressible), whereas the numerical approach considers compressible flows. This
confirms the necessity to use the correction factors, although small differences show that
improvement could be achieved, especially at smaller velocities where the effect of mixing
on the flow is the more important. It also confirms that correction factors calculated for one
geometry cannot readily be applied to an other geometry.
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The behavior of the gravity wave inside the container under the influence of forced mixing
and hydraulic jumps is currently being studied by a number of workers in the field. The
results presented in this article, with the description of the opening flow characteristics, are
therefore essential for this research project on under-ventilated fires.

Nomenclature

Latin letters

a SST model coefficient, equal to 0.31

A Empirical constant

B Empirical constant

C Velocity correction factor

Ce Velocity correction factor for the cold layer

Ch Velocity correction factor for the hot layer

Coes Turbulence model coefficient, equal to 0.61

C. Turbulence model coefficient, equal to 0.09
Ceadj Adjusted velocity correction factor for the cold layer
Chadj Adjusted velocity correction factor for the hot layer
Ci adj Adjusted velocity correction factor for the layer i
Dc Kinematic mass diffusivity

dt Initial time step

dv Velocity correction

Es Depth integrated energy

F, SST model function

Fa Densimetric Froude number

g Acceleration of gravity

H Height of the opening

Piot Total enthalpy

k Turbulent Kinetic energy

L Length of the container

I Turbulence length scale

ILes Turbulence length scale for the Large-Eddy Simulation model

Irans Turbulence length scale for the Reynolds Averaged Navier-Stokes model
licv Length of the interface at the control volume

lo,cv Length of the flow out of the control volume

Po Pressure at the neutral plane
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Pr;

Vcs,adj
Vhs,adj
Vis,adj
Vc,true
Vh,true
W
Wop

Turbulent Prandtl number, equal to 0.9

Pressure

Volumetric flow rate of the cold layer

Volumetric flow rate of the hot layer

Flow rate of the cold layer per unit width

Flow rate of the hot layer per unit width

Difference ratio between analytical and simulated results
Reynolds number

Distance to the top of the opening for potential theory
Invariant measure of the strain rate

Turbulent Schmidt number, equal to 0.9

Temperature

remperature of the cold layer

Temperature of the hot layer

Time, time scale

Velocity for potential flow profile

Average velocity at the opening

Average velocity of the cold layer at the opening

Velocity entrainment at the interface

Average velocity of the hot layer at the opening

Average velocity of the layer i at the opening

Maximum velocity for potential flow profile

Minimum velocity for potential flow profile

Simulated average velocity of the cold layer at the opening
Simulated average velocity of the hot layer at the opening
Simulated average velocity of the layer i at the opening
Adjusted simulated average velocity of the cold layer at the opening
Adjusted simulated average velocity of the hot layer at the opening
Adjusted simulated average velocity of the hot layer i at the opening
True average velocity of the cold layer at the opening
True average velocity of the hot layer at the opening
Width of the container

Width of the opening

Xanaiyt Analytical value of a function X

><simul

Simulated value of a function X
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X Spatial coordinate
y Height of the cold layer at the opening
Yow Height of the gravity wave

Greek letters

a Velocity head factor

0 Velocity head factor of the cold layer

(s Velocity head factor of the hot layer

d Grid spacing

b Thickness of the boundary layer

Jij Kronecker delta function

A Dimensionless reduced mass function

Ac Dimensionless reduced mass. Ac= (pe-pn)/pec
An Dimensionless reduced mass. An= (pc-pn)/pn
Anix Dimensionless reduced mass. Amix= (Pmix-Pn)/Pn
Atre True dimensionless reduced mass

A Wave length, eigenvalues

u Dynamic viscosity

Lt Eddy viscosity

Vj Velocity (component j)

Ec Mass fraction of component ¢

p Density

Ph Density of the hot layer

Pe Density of the cold layer

Prmix Mixed density at the interface

Pref Density at reference state (for CFD model)
v Volume fraction

® Eddy frequency

Symbols

Turbulence model time averaged value
Turbulence model fluctuating component

0j Partial derivative in j-direction
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Appendix 1: Application of critical flow conditions to vent flow

Generality on specific energy and critical flow

The concept of specific energy and critical flow has been developed to study open channel
flow [16]. The specific energy of a channel flow of depth y is:
2

v
E=y+—o
y+ 2 (A1)

In the case of a rectangular channel, considering the discharge per unit width g = Q/b = V.y,
the specific energy is:
q* )
E= A
T 20y? (A2)

This energy is minimum for dE/dy = O, referred as the critical flow condition, and the
corresponding depth called the critical depth ;.

dE q°

2 _o0=1- A3

dy 9Yer (A3)
2\

Yor = (q_J (A4)
g

q2 = gyir = (gycr)ygr = chrygr (A5)

The former equation can finally be expressed as the Froude number:

Fre=—o (A6)

VIer

The evolution of the specific energy is shown on Fig. Al.
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y Constant g

y=E

T Subcritical
Critical

l Supercritical

Emin E §
Fig. Al: Specific energy E versus uepth y. E is minimum at critical depth y,

For E < Enin, there are no solutions, and thus such a flow is physically impossible.

For E < Enin, there are 2 possible solutions:

e Subcritical flow at large depth with V < V.. In this case, Fr < 1.
e Supercritical flow at small depth with V > V.. In this case, Fr > 1.

For E = Enmin, the flow is critical and Fr = 1. This corresponds to an equilibrium state where
the flow requires minimum specific energy to pass over an obstacle.

Application to density driven flows in Fire Safety Engineering

A vent flow though an opening into a fire compartment or gravity waves are density driven
flows. This problem has been studied extensively by Pedersen [1], where he demonstrates
that the conventional equations of open channel flow can be applied to density driven flow,
by exchanging the acceleration of gravity g with a reduced acceleration of gravity Ag. A is
called the dimensionless reduced mass defined as: Ac= (pc-pn)/pe.

The densimetric Froude number characterizing a density driven flow is therefore:
\%

VAgy

This obeys the same rules for critical flow in open channel described above.The concept of
reduced acceleration of gravity and its application to gravity wave in potential backdraft
condition is described and discussed in [2].

(A7)

Fry, =

The densimetric Froude approach is particularly interesting to describe the flow through a
vent opening. In Fire Safety Engineering, the most widely used calculation methods are
based on the Bernoulli equation of the flow ([9], [10]). In these textbooks, there are a few
references to literature in hydraulic science, but since they have appeared there has been
import progress in hydrodynamics and hydraulics, especially in stratified flows that has not
found its way into vent flow formulas available to Fire Safety Engineers. In well-mixed case,
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the inflows and outflows can be calculated using only the Bernoulli approach. In stratified
flows, this approach leads to two unknowns, the height at the interface and the depth of the
hot layer inside the compartment, which does not allow an analytical solution. This problem
is solved by applying the critical flow condition.

Well mixed case

The following Eqg. ((A8) and (A9) are presented widely in the literature, and correspond for
example to Eq. (5.18) and (5.19) in [10]. The mass flow of the hot and cold fluid are
integrated over y, and (H- i) respectively.

2 20A, 3

dnh =—Cy d by (A8)
3 o
2 20A, 3 2 20A 3

dc =-Cqy d hyz==Cy J h(H—B/h)g (A9)
3 o 3 o

Where C4 is a flow correction factor between 0.6 and 0.7. o is added to consider the uneven
distribution of velocities.

Fig. A2: Sketch of the flow through a compartment vent in the well-mixed case

The height of the interface is determined by considering the conservation of mass and thus
equalizing the mass flow rates in and out. The flow rates can then be calculated.

Stratified flows

In stratified flows, there is formation of a hot layer under the ceiling. The problem arises
because the height of the neutral plane is different from the height of this hot layer, with a
mixed zone between the layers, thus adding and extra unknown to the set of Eqg. (A8) and
(A9).
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Fig. A3: Sketch of the flow through a compartment vent in the stratified case

Applying the theory of critical can overcome this problem. The hot fluid flows freely out of
the compartment, pushed by the gravity difference. Passing the obstacle at the top of the
vent requires minimum specific energy. The depth of the hot layer is consequently critical at
the opening and the critical Froude number is:

Fry=—%—= =1 (A10)

When the ymix is relatively small compared to the total height of the hot zone h = yi + Ymix
we have h -y, = yy/2 and we can calculate the flow in terms of h.

This gives the following flow rate:

A 2. [2 [Agh 8 [A,gh
An =Co¥ny hgyh :CQgh\/;\/ 'f =Cohy>oy ';? (A11)

The coefficient Cq is generally between 0.9 to 0.94. A complete discussion about loss
coefficients for different flows is in [15].
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Abstract

The work described in the paper aims at determining the gas composition in the case of a
strongly underventilated fire, when the flame is dying from lack of oxygen. This is important
as the amount of dangerous gases produced by a fire is directly related to the
incompleteness of the combustion.

This study is based on experimental results from backdraft studies in reduced scale and real-
scale poorly ventilated compartment conditions. Results from computer simulations and
analytical calculations are compared to the experimental results and observations. The
reliability of gas measurements in the experiments causes some problems, so does the
inaccuracy in the flame extinction routine in the numerical model and the simplifications
made in the analytical calculation, especially concerning carbon monoxide. The results of
the comparisons are found useful to evaluate the performance of the different methods to
describe the combustion products due to strongly underventilated fires, as well as the flame
behavior in its transition from full burning conditions to partial or total quenching.

1. Introduction

The University of Iceland and the Iceland Fire Authority have been participating in the European
network project Firenet [1], dedicated to the study of underventilated fires, and focusing especially on
backdrafts. When an underventilated fire is extinguished due to lack of oxygen, the enclosed room
can remain full of hot unburnt gases. If an opening occurs, for example when a window breaks or
firefighters enter the room, fresh oxygen is carried into the room by gravity currents, and mixes with
gases. This creates the flammable mixture, as, by dilution with oxygen, the gas may reach its
flammability limit, often resulting in ignition and backdraft. This phenomenon is very hazardous, and
has caused the deaths of many firefighters in past years [2].

In order to mitigate the danger of backdraft, it is essential to determinate the key mechanisms leading
to its occurrence, and therefore study in detail the conditions prior to the explosion itself. To this
purpose, special efforts have been dedicated to the study of the hydrodynamics of the phenomenon,
i.e describing the gravity currents analytically and by mean of computer simulations, especially the
behavior and velocity of the gravity wave ([3], [4], [5], [6]). We are now focusing on the gas
composition in the compartment before the opening occurs, as experiments have shown that the mass
fraction of unburnt fuel may be one of the key parameters in the occurrence of backdraft.

The determination of the gas composition in compartments raged by an underventilated fire is
essential in Fire Safety Engineering, as most of the casualties in fire are due to CO inhalation. The
incompleteness of the combustion, and by consequence the amount of CO produced, is directly
related to the amount of oxygen available. Well ventilated fires have been widely studied in
enclosures where enough oxygen is available for combustion ([7], [8]). In most cases, fires leading to
backdraft occur in very tight compartments, and become by consequence heavily underventilated
very quickly. Little data is available for such fires, and describing the extinction due to exhaustion of
oxygen is still a challenge for computer models, for various reasons.

In this article, observations from experiments studying the effect of ventilation on the
behavior of the fire and production of combustion gases in various stages of ventilation,
from well [9] to poorly ([10], [11], [12]) ventilated compartments are used. In the same
way backdraft experiments ([13], [14], [15], [16], [17]) we will also be studied. These
observations will be analyzed in order to achieve the following goals:
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» Find the key parameters in the occurrence of backdraft.

» Find some solutions to improve the CFD models, especially their performance during
transition from well to under-ventilated fires and flame extinction by oxygen
exhaustion. Modifications are applied to a basic model, to obtain a new model where
fire behavior is physically more correct and fits with the experimental results.

» Create an analytical model that calculates the gas composition in a compartment. This
typical engineering approach is very useful when a simple and fast estimation is
needed, and can be an excellent complement to complex CFD models.

In order to achieve these goals, the study can be divided in the following different steps:

The first step of the study is to identify in the literature the problems due to lack of oxygen
in compartment fires and find experimental observation describing the behavior of the fire.
This will be used to improve the different models at the third step.

The second step is to create 2 basic tools. The first tool is a CFD model using Fire Dynamic
Simulator (FDS) [18]. The second tool one is an analytical model using an engineering
approach based on combustion equations.

The third step is the improvement of the models. For the CFD model, comparisons with
experimental observations show that two improvements are necessary to solve problems
due to unrealistically low oxygen concentration. For the analytical model, assumptions are
made to split the fire behavior in 3 different phases, well ventilated, under ventilated and
concentration built-up phase.

Results from these improved models are then compared to experimental results, and their
combination allows a rough estimation method of probability of backdraft.

2. Problem description

2.1. Observation from former studies

From the literature, observations are extracted that will be used during this study to point
out the weaknesses of the primary tools, find some improvement possibilities and finally
check that the improved tools give physically reasonable results.

2.1.1. From poorly ventilated fires:

» Obs 1: Heat Release Rate is irregular ([9], [10]):

There is a first short phase were the Heat Release Rate (HRR) is similar to the rate in
free atmosphere. Then starts a peak where the HRR increases significantly (About 50 %
in [9]), corresponding to the moment of appearance of vitiated air (yield of O2 decreases
and CO2 increases). After a few seconds, the HRR drops suddenly, due to lack of
oxygen.

» Obs 2: The flame is “crawling” for oxygen ([11], [12], [13]):

Depending on the ventilation and combustion regime, the fame might be ghosting (lifting
off the liquid fuel and floating aimlessly away from the surface) or oscillating (flame
shrinking to extinction, but cycling back to its original size). When oxygen is really
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lacking, the flame might burn at the vent, where the fire seems to be “crawling for
oxygen” before extinction.

2.1.2. Strongly underventilated fires (backdraft):

» Obs 3: The hot layer interface, calculated using the idealized 2-zones approximations
[19], is situated slightly above the burner surface ([14], [15]).

* Obs 4: The flame is completely extinguished after a certain time, depending on the
available amount of oxygen. This is observed for every backdraft study ([14], [15],
[16]). Moreover, there is a Limiting Oxygen Index, noted LOI, concentration level
under which methane can not burn (about 15 mol %).

* Obs 5: The mass fraction of unburnt fuel is a key parameter [14] (8.5% for slot
opening half way up the wall).

2.2. Description of the experiments

The experiments that are chosen for simulation and comparison are from Fleischmann and
McGrattan [15]. This is a series of 17 experiments using methane (2 different burner flow
rates, 70 and 200 kW). The reason of this choice is that the document presents the complete
temperature and combustion products concentration history for all the duration of the
experiments.

2.2.1. Experimental set-up:

» Compartment size: (LXWxH): 2.4x1.2x1.2 m.

» Burner size: 0.3 m square and 0.3 m high, placed against the back wall.

» Species concentration: Oxygen (0O2), carbon dioxide (CO2), carbon monoxide CO
and hydrocarbons (HC) are recorded continuously with stainless probes, located at
0.6 m from opening wall, 0.2 m from ceiling, and 0.6 m from the side wall.

» Temperatures: A thermocouple tree was placed 0.6 m form the opening wall and 0.2
meters from the side wall (relief panel), 10 thermocouples are located at 0.10 m
intervals, with the highest at 0.15 m form the ceiling.

In these experiments, the methane flow was still left on after the flame is extinguished form
lack of oxygen, and shut down 5 seconds before the hatch opening. Complete details on the
geometry and the procedure are given in [14].

3. The CFD model

The size of the compartment is the same as the experimental set-up, except that symmetry
of flow is assumed because of the symmetry of the geometry (with the assumption that there
is no effect form the gas panel). Several meshes have been tested. In this case, the mesh
resolution is 4 cm (60x30x30).

The dimensions, considering the symmetry, are:
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» Compartment: (LxWxH): 2.4x0.61.2 m

* Burner: (LxWxH): 0.16x0.14x0.3 m.

» Temperature: Thermocouple tree placed as in the experiments, but with 15
thermocouples placed every 0.08 meters. The reason for having more thermocouples
than in the experiments is to have them regularly placed and fitting the mesh size.
These temperature values will be averaged into 2 zones, so having more
thermocouples improves the precision.

* Gas measurements: The sensor is placed as in the experiments, except that
measurements are made at several heights close to the experimental sensors and then
values are then averaged. There is an exception concerning the oxygen measurements,
where it is measured and averaged on the entire height. This is to correct the uneven
distribution of fresh oxygen entering through leakages.

The experimental set-up and the corresponding CFD geometry are shown in Fig. 1.

Symmetry plane

Pressure Relief
Panel

Bidirectional
Probes

Burner

Leakages
Leakage
Vent

-

Fig. 1: Experimental set-up (Fleischmann et al [15]) and corresponding model

3.1. Runs in the FDS models, MO — M2

In this section of the paper, we shall give a step by step description of the modification of
the model, from the basic to the improved model. Results are compared with experimental
observations described previously, which gives clues for improvements. A new model is
built, and so on. Several trial runs were made with variations of grid size, radiation model
etc. before the final setup was selected, resulting from 2 major improvements.

3.1.1. Basic model MO

The results from this model 1 are shown with thin green lines with symbols on Fig. 2 (02
concentration) and Fig. 3 (HRR). Two problems are identified:

» The oxygen concentration reaches very small values, meaning that combustion
continues well below the Limiting Oxygen Index LOI, which doesn’t compare with
Obs 4.
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» The Heat Release Rate is regular during the fully developed phase, which doesn’t
compare with observation Obs 1.

The improvement needed is to keep a minimum of oxygen supply, by introducing leakages.
In reality, even a very tight compartment will not be 100% sealed, which justifies this
improvement [20].

3.1.2. Improvement step 1: Model M1

This improvement is the FDS model with 4x4 cm holes at the corners of the front wall (as
indicated in Fig. 1). Leakages are placed at the corner to simulate as well as possible
leakages all along the wall connections, and keeping them as small as the mesh allows it to.
The results are the red dotted lines on Fig. 2 and 3.

» The oxygen concentration is improved, but still reaches very low values.

» The HRR is irregular with a peak at roughly 50% from the value after ignition, which
agrees well with Obs 1. Nevertheless, the flame keeps quenching, and the fire is then
never completely extinguished, which disagrees with Obs 4

Studying the results show that introducing leakages definitely brings some improvements,
but shows the necessity to force the combustion extinction.

3.1.3. Improvement step 2: Model M2

The model M2 is the FDS model with leakages and forced extinction. The extinction
criterion is described later in this section. The results are the blue bold line on Fig.2 and 3.

The oxygen concentration level is definitively improved, as there is always a minimum of
oxygen slowly increasing after extinction. Note that the minimum O, value (approx. 0.03) is
well above the LOI, but these values are averaged on every cell of the compartment, and the
concentration of oxygen will definitely be higher near the burner, as will be shown later in
this article.

The HHR compares well with Obs 1 and with the peak discussed in model M1, and the
flame is completely extinguished after a while (no endless flame quenching seen with model
M1), which agrees with Obs 4.
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3.1.4. The extinction criterion

This extinction criterion has been developed in order to force the fire to extinguish
completely, as observed in most backdraft experiments. The O2 concentration is measured
at various points very close to the burner surface with the FDS model M1. The assumption
is made that fire extinguishes when the oxygen concentration at these measurement points
reaches the LOI. This is shown in Fig. 4, for Run 1 (HRR=70 Kw) and 13 (HRR=200 Kw).
The intersection of O2 concentration and the LOI gives the extinction time (see Fig. 4):

text = 127 sec. for HRR = 70 Kw.
text = 36 sec. for HRR = 200 Kw.
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Fig. 4: Extinction criterion for experiment 1 (HRR = 70Kw) and experiment 13 (HRR =
200 Kw). The intersection with the O2 Limiting Index (LOI) line gives the extinction time

In CFD model M2, the combustion is shut down manually (by stopping the calculation and
restarting after setting the LOI to a value higher than 0.21, oxygen concentration in air,
which forbids combustion) at the extinction time. This extinction time depends on the HHR.
This extinction criterion is a fairly crude assumption, but still fulfills the extinction
requirement, and gives some indications for future improvements.

3.2. Qualitative results

In this section, we carry out a quantitative study of results from the improved model M1,
described previously. We check that the modified model compares with experimental
observations and physical behavior. Here, we show the oxygen concentration, as well as the
velocity, the temperature and the HHR fields.

3.2.1. Oxygen concentration

The following Fig. 5-a to-5.d show slides of the oxygen concentration for Runl
(HRR=70kW, tend=295 s), at different time steps of interest. We observe a typical 2 zone
behavior (5-a), with the oxygen concentrated in the lower zone, flowing towards to the
burner. This 2 zone behavior is suddenly broken (5-b and 5-c), with a mixing between the 2
layers that last only a few seconds, then the 2 zones are recreated (5-d).

This sudden mixing happens approximately 10 seconds after complete extinction. Before
extinction, the upper layer is much warmer, creating, by density difference, the 2 separate
zones. When the fire extinguishes, cold methane is still flowing in through the gas burner
surface, cooling the upper zone until almost equilibrium on densities is reached, so that the
upper layer drops suddenly, and mixes with the lower layer (5-b and 5-c). The 2 zone
behavior is then recreated by oxygen build-up through the leakages.
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Fig. 5-a to 5-d: Oxygen concentration for run 1(HRR = 70Kw, t=295 s) after 80 s (5-a, up
left), 126 s (5-b, up right), 136 s (5-c, down left) and 260 s (5-d, down right left)

3.2.2. Velocity vectors and temperatures

Fig. 6-a and b show that the upper layer is composed of an upper flow field near the ceiling,
a recirculation closed to the front wall, and then a middle flow in the direction of the burner.

The lower layer is composed of a cold flow in the direction of the burner. When the fire
starts decaying, the upper layer begins to cool, and start to lower, as the density difference
decreases with the temperature.

Fig. 6-a and 6-b: vectors colored by temperatures after 50 s (6-a, left) and 80 s (6-b, right)

3.2.3. HRR and temperatures

Fig. 7-a and 7-b show the temperature and the Heat Release Rate respectively a few
seconds before extinction. At this moment, the fire becomes strongly underventilated, and
there is clearly some spreading over the lower layer, in the direction of the leakages, where
there is more oxygen. The fire seems to be “crawling for oxygen”, which fits with
experimental observation.
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Fig. 7-a and 7-b: Temperature (6-a, left) and HRR (6-b, right) after 98 s

3.3. Quantitative results

In the previous qualitative study, it was shown that the improved FDS model (model M2),
with introduction of leakages and forced extinction improved the physical behavior of the
fire. In this section, we will compare results of the improved models against experimental
data, by studying temperature fields and combustion products.

3.3.1. Temperature fields

The following temperature histories are calculated from the time dependent temperature
profiles recorded from the thermocouple tree. The profiles were converted into the average
upper and lower layer temperatures using Quintiere’s method [19] applied to steady state
temperature profiles.

h, h,

h 1 h -
)dx = =2 +
.[o (T) T

UL TLL

1)

[ Tdx = (Negmy ~h )Ty +0, T, @)

comp
Here Ty, and Ty, are the upper and lower layer temperatures, and hcom, and hy are the
heights of the compartment and the layer interface, respectively.

The experimental data are treated using the assumptions of Fleischmann [15] considering
that the lower layer temperature as the arithmetic average of the two lowest thermocouples.
As the distance between the probes is smaller in the simulation, we will consider the average
of the three lowest probes for the upper layer temperature.

The upper temperature Ty, and thermal interface height h,_ can than be calculated using Eq.
(1) and (2).
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The temperature histories show that the maximum temperature is reached sooner in the
simulation (50 sec. instead of 80 sec.) and drops more abruptly. The layer height stabilizes
also sooner, showing that the fire growth to fully developed fire is much faster in the
simulation. The model underestimates the temperatures in the upper layer, as the fire is
decaying earlier. Anyway, there is a good correlation for the lower layer temperature
(especially for HRR= 70 Kw), and an excellent correlation concerning the layer height.
Considering that the 2-layers approximation induces imprecision, the correlation with
experimental data for temperatures and layer height histories is considered good.

Instabilities can be seen close to extinction time (approximately between 110 and 140 sec. in
Fig. 8 and between 35 to 40 sec. in Fig. 9). This corresponds to the rupture of the 2-zones
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behavior observed in Fig. 5-b and 5-c. This rupture happens when the temperature in the 2
layers becomes quite close, involving mixing between the layers.

Studying the temperature history for each probe individually (without using the 2 layers
approximations) shows that there is more stratification in the simulation, meaning that the
mixing is more efficient in the experiments. It also shows that the maximum temperature is
reached sooner in the simulation (50 sec. instead of 80 sec.).

Table 1 shows the temperatures in both layers and the layer height just before the hatch
opening, for the 17 experimental tests from [15], and corresponding results from improved
FDS model.

Table 1: Temperatures and layer height from experiments and numerical model

Experimental data Improved FDS model

Run HRR t(total)  Tu T He Yoo Tu T Hi
(Kw) (s) (K) (K) (m) (%) (K) (K) (m)
1 72 295 417 378 0.43 9.64 372 350 0.38
2 72 355 390 361 0.43 10.07 363 344 0.38
3 72 415 379 353 0.42 10.28 356 338 0.37
4 72 475 362 339 0.42 10.37 350 334 0.37
5 69 535 377 356 0.43 10.23 345 330 0.37
6 77 535 363 344 0.41 9.92 345 331 0.36
7 69 555 359 340 0.42 10.10 344 329 0.36
8 69 595 363 346 0.41 9.85 342 328 0.37
9 73 655 350 331 0.43 9.51 338 326 0.4
10 71 715 348 332 0.44 9.34 335 324 0.36
11 68 715 347 332 0.42 9.39 339 327 0.37
12 70 775 344 330 0.41 9.06 333 322 0.36
13 200 115 517 445 0.44 5.49 438 407 0.39
14 200 145 570 475 0.34 6.47 418 392 0.39
15 200 175 474 427 0.41 7.58 402 381 0.39
16 200 205 447 408 0.43 8.00 392 373 0.38
17 200 235 433 400 0.43 8.10 383 366 0.38

The temperature fields and interface layer height show excellent agreement between
experiments and simulation. The difference is more important for higher HRR and short
time, probably explained by the fact that the mixing is more efficient in the experiments, and
that the fire is idealized in the simulation

3.3.2. Gas concentration
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We can note that the model overestimates the CO2 production. The combustion is
“idealized”. From run 3, the CO2 production starts to decrease roughly in the same time in
the experiments and the simulation. This decrease is due to dilution by fuel and oxygen
build-up. It also tends to show that the fire completely extinguishes roughly around t=120
to 140 seconds, consequently stopping the production of CO2. Moreover, the concentration
of CH4 increases very linearly after roughly 130 seconds, showing that almost no fuel is
burnt after this time. This tends to justify the insertion of an extinction criterion.

There is a good correlation concerning O2 and CH4 concentration between experiments
and simulations. This is even more relevant for the concentration build-up of oxygen,
showing that the flow rate through leakages is well calibrated; even though the leakage flow
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is localized and not uniform. No relevant experimental history of CO concentration is
shown here, since this is extremely small and insignificant in the mass balance.

4. Simple analytical model

This analytical model is an Excel calculation sheet, based on engineering correlations ([21],
[22]) and a simple mass balance, without leakages. The behavior of the fire can be divided in
three distinct phases, well ventilated, underventilated, and the fuel concentration built-up,
after extinction.

If we neglect the production of CO and soot, the simplified reaction for the combustion of
methane can be written as follow, considering a combustion efficiency y:

CH, +2y40, » CO, +2yH, 0+ (1-y)CH,

The equivalence ratio, for a phase ¢ is defined as:

®, = Mepia/ Moy ©)
r

With the molecular weight of the different components and the coefficients of the reaction,
Eqg. 3 gives:

O = Mena/2xM o, :i
¢ r X

(4)

For each phase, the following assumptions are made:

Well ventilated phase: the reaction is complete and all the fuel is burnt, consequently yw=1.
Substituting this value in the above reaction gives the stoichiometric reaction of methane.

Underventilated phase: the fire is decaying, form all the methane burning (y = 1) to
extinction (x = 0). During this phase, the relation between reaction efficiency and oxygen
mass fraction is considered linear. This is a coarse approximation, but observation from
experiments show that the fire is decaying quite linearly, and that this decay is directly
related to the oxygen mass fraction. According to [22], the fire becomes non-flaming for
>4 (x < 0.25), but there is still smoldering combustion at this stage.

Fuel concentration build-up: the fire is dead, the methane flows freely inside the
compartment (e = 0).

These assumptions are illustrated in Fig. 12, showing the evolution of the efficiency as a
function of the oxygen mass fraction.
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An example of the calculation sheet is shown in Table 2. Each calculation is divided in
different steps, as follows:

Step 1: Geometry and problem inputs
Enter the geometry, the burner characteristic (flow rate), and the fuel flow time.

Considering the principle of mass conservation, the total mass of gas in the compartment
(fuel released and initial mass of air) is obtained.

Initial volume of gas:

Vair,init = Vcomp ~ Voun = Vonst )
M init = Pair Vair,init (6)
Mget total = Meger Lot (7
Mas total = Mair init. T Mivel, total (8)

Step 2: Gas property and combustion data

Enter the physical properties of the fuel and products (stoichiometric ratio and max
theoretical yields) or use default values if fuel is CH4. Tables and correlations developed in
[21] give equivalence ratios and corresponding normalized yields of species.

During the underventilated phase, the equivalence ratio and the normalized yields of species
depend on the available amount of oxygen. An iterative method is therefore necessary to
determine ®,, at each time step. This method is described in step 3.2 below
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Step 3: Calculation of products phase by phase

During the well-ventilated phase, the fire is considered fully developed with ideal
combustion (stoichiometric conditions), until the mass fraction of oxygen Yo, reaches the
Oxygen Limiting Index Y, o, where the underventilated phase starts. There is no clear
oxygen concentration limit where complete extinction occurs defined in literature, but it is
often considered to be between 8 to 11 (mol %), depending on temperature ([7], [11]). In
this calculation, complete extinction will be considered for Yozex = 10 (mol %) = 11.2
(mass %)

Finally, during the concentration built-up phase, fuel flows freely into the compartment and
no combustion product is created.

The different products are calculated as follow:
Moz init = O'23mair,init = O'23mgas,init (9)

The variation of oxygen concentration can be expressed using Eq. (4):

6rnO2 — rhfuel (10)
ot rdo

¢

At each step ot, a mass of fuel mges IS released, corresponding to the following
consumption:

_ ot r.nfuel _ rnfuel
02,cons, 5t _-L rq)q) dt - rd ot (11)

m
®

The total mass of oxygen at (t+0t) is:

mf l
Moz test = Mozt —Mogcons,st = Mozt — ® ot (12)
r 1+t
The total mass of gas is:
mgas,t = mgas,init + r.hfuelt(p (13)

The O2 concentration Yo, can then be written:

m

Mozt — rcpi ot
1+t
Yoous = - (14)
' mgas,init + mfuel (t(p + E‘)t)

From Eq. (14), the oxygen concentration is calculated by iteration at each time step t+ot,
knowing the concentration of species at t, plus the amount of fuel added during ot.

The number of iteration and the time step gives the length of each phase. The yields and
mass for each species i are:

yi,(p = yi,maxyi,norm,(p (15)

mi,(p = yi,(pmfuel,(p (16)
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This operation is done for each of the 3 phases, with different combustion data:
Step 3.1: Well-ventilated phase (until Yo, = 16.8 mass %):

This phase ends when Yo, = Yo = 16.8. With this value, the length of the well ventilated
phase t,y is determined by iteration on 6t. Eq. (12) and (13).give the mass of oxygen moy
and gas mgsw at the end of the phase, and Eq. (16) gives the mass of each combustion
species .

Step 3.2: Under-ventilated phase (until Yo, = 11.2 mass %):

This phase ends when Yo,= Yozexr = 11.2. In this phase, the combustion efficiency, and
consequently the equivalence ratio vary linearly with Yo, Therefore, they are also calculated
at each time step by iteration using:

Y, Y,

_ o2t — To2ext 17
Xuv,t+8t Y|_0| _ Y ( )

O2,ext

This is the slope shown in Fig. 12. The equivalence ratio @ is then calculated and placed
in EqQ. (11). Note that initial masses to be considered are the one at the beginning of the
phase, €.g. Mgasw and Moywy Calculated at the previous step.

In this phase, only a fraction of the released fuel is used in the combustion, this excess of
fuel is calculated as follows:

mfuel,uv,exc,t = X.uv,trhfuelEst (18)

And the total fuel in excess at the end of the phase is obtained by summing on each step.
Step 3.3: Concentration built-up phase.

There is no combustion (®¢, = ), so there is only fuel flowing in, with:

mfuel,cb = rhfuel (t - tuv - twv) (19)

Final step: For each species i, the mass is summed up individually. For the fuel, it is the
excess fuel that is summed up, and the mass of oxygen is the initial mass minus the oxygen
consumed during each phase. Note that leakages are not considered in this calculation;
consequently there is no oxygen concentration build-up. Anyway, The amount of oxygen
added form leakages should be small compared to the fuel flow rate, and should not have a
big influence on the concentration of excess fuel that is the critical factor for the estimation
of probability of backdraft.

4.1. Example of result table

Table 1 gives an example of calculation, for experimental run 1 in [15]. Values in bold are
calculated by the above equations, and values in colored cells (STEP 3) have to be added
specie by specie to obtain the final mass in the compartment (FINAL STEP). The other
values are either set-up data, physical properties of fuel and products (stoichiometric ratio
and max theoretical yields) taken from tables and simple engineering correlations described
in [21].
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Table 2: Example of simple analytical model for run 1 (HRR = 70 Kw, t = 295 sec.)

STEP 1
Vair init Pair M init Mo2,init Mo tiot Miyel tot Mgas,tot
(m°) (Kg/m®) (Kg) (Kg) (Kgls) () (Kg) (Kg)
3.43 1.17 3.83 8.81.10" | 2.06.10° 295 0.61 4.44
STEP 2
FUEL DATA COMBUSTION DATA
r 0.25 Phase WV uv CB
Yco,max 1.75 D, 1 variable 0
Ycoz,max 2.75 YCO.norm,0 0.01 0.2 0
YH20,max 2.25 Yco2.nom.o 1 0.69/® 0
Y 120 0m.0 1 0.86/D 0
STEP 3
Phase WV uv CB
t, (5) (iteration) 27.60 100 167.40
Mise (KQ) 5.69 .10 2.06.10" 3.45.10"
Mo2.cons. (KQ). (Eq. 11) 2.27 .10 2.02.10" 0
Mivelexc.o (KG) (EQ.18 and 19) 0 1.56 .10 3.45 .10
Yco.o (Eq.15) 1.175 .10 0.35 0
Ycoz,9 (Eq.15) 2.75 0.46 0
V20,0 (EQ.15) 2.25 0.47 0
Mo, (Eq.16) 9.95.10" 7.21.10° 0
Mcoz.e (EQ.16) 1.56 .10™ 9.59.10°2 0
Mino, (EG.16) 1.28 .10 9.78.10" 0
FINAL STEP

Specie
02
CO
CO2

Fuel

Final mass (KQg)

Mass fraction (mass %)

4.51.10"

7.31.10%

2.52.10*

5.0.10*

10.16
1.65
5.68

11.28
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This analytical model has the advantage to be very simple and practical. If the physical
properties of the fuel are already entered in the calculation sheet, the user just need to enter
the geometry, the flow rate and the total calculation time to obtain the mass fraction of fuel,
which allows concluding on the estimation of the probability of backdraft [14].

4.2. Comparison with experiments

4.2.1. Comparison with experimental results from [15]

Table 3 presents the experimental results from [15], as well as the two tools developed in
this study, the improved FDS model and the simple analytical model, with combustion
products and temperature field just before the opening.

Table 3: Results from experiments, simulation and analytical model

Experimental data

Improved FDS model

Analytical model

(Kw) () (%) (%) (%) (%) (%) (%) (%) (%) () (%) (%) (%)
1 72 295 9 1 7 10 9.64 0.02 1343 9.86 10.16 1.65 5.68 11.28
2 72 355 11 O 6 12 10.07 0.02 13.20 11.49 9.89 1.60 5.53 13.68
3 72 415 11 O 6 14 10.28 0.02 13.04 12.37 9.63 156 5.38 15.96
4 72 475 11 O 5 16 1037 0.02 1296 1358 9.38 152 525 18.12
5 69 535 11 O 5 16 10.23 0.02 1295 13.80 9.22 150 5.18 19.39
6 77 535 11 O 5 20 992 0.02 12.73 1555 899 146 5.05 21.36
7 69 555 11 O 5 19 10.10 0.02 12.90 14.18 9.14 1.48 5.14 20.04
8 69 595 12 O 4 19 9.85 0.02 12.84 14.73 9.00 1.46 5.06 21.30
9 73 655 12 O 4 21 9.51 0.02 12.62 1640 8.66 141 4.87 24.22
10 71 715 11 O 4 20 9.34 0.02 12.66 16.42 853 138 4.79 2543
11 68 715 12 O 4 22 9.39 0.02 12.78 1547 8.63 140 4.85 24.56
12 70 775 12 O 4 22 9.06 0.02 12.61 16.83 837 136 4.70 26.81
13 200 115 4 1 9 13 549 0.02 1242 17.60 10.03 1.61 5.63 12.26
14 200 145 4 1 10 10 6.47 0.02 11.82 21.61 9.66 155 5.43 1549
15 200 175 5 1 7 24 758 0.02 1156 23.94 932 149 5.23 1848
16 200 205 6 1 29 8.00 0.02 11.29 26.30 9.00 1.44 5.06 21.28
17 200 235 6 1 29 8.10 0.02 11.02 28.68 8.70 1.40 4.89 23.89

Fig. 13 and 14 show that there is a good agreement concerning the fuel (Fig. 13) and
oxygen (Fig. 13) for both tools and experiments. It is especially important to notice the

excellent agreement for fuel concentration between experimental and analytical results.
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As mentioned earlier, the combustion is idealized during the fully developed phase for both
simulation and analytical calculation, consequently overestimating the CO2 production. CO
concentration measurements are shown in Table 2, but as they are extremely small and
insignificant in the mass balance, the results from simulation and analytical calculation are
considered not relevant. Experimental concentration measurements are very difficult, due
mainly to the fact that they are measured at one point. This can explain some differences
between the results, especially for high flow rate (experimental runs 13 to 17).
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Fig. 14: Oxygen concentration for experiments, simulation and analytical model

4.2.2. Comparison with experimental results from [14]

Some comparisons are also carried from experiments from Weng [14]. These experiments
are very similar to the ones carried out in [15]. In addition, a certain critical fuel fraction
above which backdraft should occur for different opening. These critical mass fractions are
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7.1 % for high-slot, 8.5 for middle slot and 9 for low slot opening. The geometry and
experimental inputs are applied to the analytical model and results are showed on Fig. 15.
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Fig. 15: Mass fraction of unburnt fuel determining the occurrence (solid) and non-
occurrence (hollow) of backdraft

Results show that an agreement on occurrence of backdraft is reached for 16 runs out of 24.
On the 8 remaining runs, 4 of them (runs 11, 12, 20 and 21) give very close results,
especially for high flow rate or longer concentration build-up, due to higher dilution rate.
Considering the uncertainties due to measurements and consequently on the critical fuel
volume fraction, the results are considered fair.

5. Conclusion

Underventilated fires are in many ways more complex than well ventilated fires since the
lack of oxygen creates complicated phenomena such as ghosting flames, flame quenching
and extinction. Moreover, it produces dangerous gases due to the incompleteness of
combustion. Former studies have shown that a reasonable modeling of the extinction by
CFD has not been achieved yet, an such modeling resulted in an unnatural behavior of the
fire. In this study, possibilities of improvement for CFD models are investigated, and it is
shown that an improved CFD model (tooll, Model M2), that takes into account leakages
and an extinction criterion, depending on the Oxygen Limiting Index, resulted in a fire
behavior in much better agreement with experimental observation than the standard CFD
model.

A second tool, a simple analytical model based on engineering calculation, on mass
conservation and on the assumption of 3 separate phases is developed. The goal of this
model is to give a rough estimate of the probability of a backdraft, based on the fuel critical
mass fraction, giving a value of fuel concentration above which backdraft can occur. The
analytical sheet gives the fuel mass fraction for simple geometry by entering just a few data,
allowing the estimation. Comparison with experiments shows an excellent agreement
concerning the oxygen concentration and the fuel mass fraction. Anyway, this could be
improved by description with a non-linear function, but this would require many
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experimental data describing precisely the decaying phase. Including leakages could also
bring a significant improvement.

One of the goals of this study was to provide a methodology for the estimation of the
amount of carbon monoxide, as its inhalation is the main source of casualties in fire. Due to
its very small contribution in the mass balance and the uncertainties in experimental
measurements, the developed tools fail to give a reliable estimation.

These two tools are developed using simple assumptions like the extinction criterion or
considering an average equivalence ratio for the decaying phases. These assumptions need
to be refined and completed, but give interesting indications clue for future useful tools for
the study of strongly underventilated fires.

Nomenclature

H Height

HRR Heat Release Rate

L Length

LOI Limiting Oxygen Index

m; Mass of a specie i

Mi Mass of specie i produced during phase ¢

Mass flow rate of specie i

m
M; Molecular weight of specie i

-

Stoichiometric fuel to oxygen ratio for complete combustion

t Time

t, Time length of phase ¢.

T Temperatures

\Y Volume

W Weight

Yio Yield of specie i1 during phase o.
Yi max Maximum yield of specie i.
Yinorm,o Normalized yield of specie 1 during phase ¢.
Yi Mass fraction of specie i

) Equivalence ratio

o Phase ¢ of the fire

p Density

X Combustion efficiency
Subscript

Air Air
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aver: Average value

burn Burner

cb Concentration built-up phase
CH4 Methane fuel

CoO Carbon monoxide
CO2 Carbon dioxide

comp Compartment

cons Consumed

exc Excess fuel

ext Extinction

fuel Fuel

gas Gaseous mixture

H20 Water

init Initial

L Layer interface

LL Lower layer

LOI Limiting Oxygen Index
obst Obstacle

02 Oxygen

t Time

total total

ul Upper layer

uv Under-ventilated phase
wv Well-ventilated phase
ot Time step

(0] Phase ¢ of the fire
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