Downloaded By: [University of Oxford] At: 13:13 18 February 2008

Combust. Sci. and Tech., 180: 45-63, 2008 .
Copyright © Taylor & Francis Group, LLC
ISSN: 0010-2202 print/1563-521X online

DOI: 10.1080/00102200701600770

Taylor &Francis

Taylor & Francis Group

NUMERICAL AND EXPERIMENTAL INVESTIGATION
OF BACKDRAFT

Andrej Horvat'*, Yehuda Sinai', Daniel Gojkovic?,

and Bjorn Karlsson®

YANSYS Europe Ltd., Abingdon, Oxfordshire, UK

>Department of Fire Safety Engineering, Lund University, Lund, Sweden
3Iceland Fire Authority (Brunamalastofnun), Reykjavik, Iceland

The article describes full-scale backdraft experiments in a shipping container using
methane as a fuel. Numerical modelling has followed the experimental setup. The numeri-
cal simulations show the initial gravity current, the ignition, the spreading of flame in the
enclosure, the external fireball, and the subsequent decay. The Detached Eddy Simulation
(DES) approach has been used to model turbulence. In order to describe the combustion
process of the mixture from the local ignition to progressive deflagration, three separate
combustion models have been implemented for laminar, low- and high-intensity turbulence
flow regimes. The calculated ignition time is slightly shorter than the average ignition
time observed in the experiments. The fire front progresses through the combustible
mixture, generating a cloud of hot gases that are accelerated from the container into
the external environment. The velocity increases up to 20mls. When the fire front
reaches the door, combustion continues outside the enclosure as the fuel has been pushed
through the door. The comparison between the calculated time history of relative pressure

and the pressure sensor recovd shows that the ical lations slightly overpredict
the flame firont speed, with a stronger pressure pulse and higher temperatures than the
observations.
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INTRODUCTION

Backdraft is one of the most hazardous events related to under-ventilated fires.
Descriptions of this phenomenon may be found in any of the textbooks on fire
safety, e.g., Drysdale (1990), or in a variety of papers and reports by Dunn
(1988), Fleischmann (1994), Bukowski (1995), Bolliger (1995), Hashigami et al.
(1997), Farley et al. (1997), Foster (1997), Fleischmann and McGrattan (1999),
Gottuk et al. (1999), Gojkovic (2000) and Foster and Roberts (2003). Briefly,
backdraft is caused by fuel vapour being generated after a fire is extinguished, or
reduced in intensity by oxygen starvation, and the subsequent introduction of fresh
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oxygen, for example by opening of a door. Following the mixing of the fresh air with
the fuel rich environment, concentrations can return to the combustible range,
and since ignition sources are likely to exist, flaming combustion may be initiated
and can develop into a deflagration.

During the past decades fire research has concentrated on the well-ventilated
combustion events. Research regarding under-ventilated fire has evolved slower,
mainly due to complex physical and chemical processes that occur during this type
of event. For this reason, most of research work addressing backdraft has been
focused on the initial mixing process between fresh air and combustible gas. Pioneer-
ing work on this subject was performed by Fleischmann (1994) and later continued
by Fleischmann and McGrattan (1999). The Fire Experimental Unit of the Home
Office in England (Foster, 1997) as well as Hokkaido University in Japan (Hashi-
gami et al., 1997) have carried out small-scale backdraft experiments. Notably, in
the experimental work done in Japan, natural fuels such as wood were used. How-
ever, it is questionable if backdraft did occur during their experiments as the enclos-
ure was opened to the environment over the whole period of the experiment.
Regarding situations in which the fire source is uncontrolled, Sinai (1999) reported
CFD simulation of an under-ventilated fire generated by a liquid (heptane) pool,
accounting for coupling between the fire and the fuel, as well as building leakages,
and showed that leakages and wall heat transfer can have a major effect on stratifi-
cation and the fire dynamics.

Some full-scale experiments of backdraft have also been reported. These
include the experiments performed by the University of Canterbury in
New Zealand (Bolliger, 1995), and those onboard naval ships using diesel sprays
as a fuel source (Farley et al., 1997; Gottuk et al., 1999).

Previous work on theoretical modelling of backdraft has ranged from analyti-
cal techniques on the one hand, which are essentially based on lumped-parameter or
zonal methodology, to CFD on the other. The modelling examples were published
by Fleischmann (1994), Fleischmann and McGrattan (1999), Bukowski (1995) and
Weng and Fan (2004). As in the experimental area, most of previous modelling work
has only addressed events prior to ignition. There is very substantial amount of
literature on gravity currents, which have been the subject of extensive study over
many years, in many fields, including the environment. Good examples of that work
may be found in the books by Turner (1973) and Simpson (1987). Recently, Yang
et al. (2005) reported a successful attempt to simulate an earlier small-scale backdraft
experiment performed by Weng et al. (2003), using a laminar flamelet model for par-
tially premixed combustion.

The current article briefly describes experimental work conducted at Lund
University, where Gojkovic (2000) performed full-scale experiments of backdraft
in a shipping container using methane as a fuel. As backdraft is of particular concern
to fire fighters, one of the experiments’ objectives was demonstration of backdraft
and its explosive power to fire fighters in training. The second objective of the per-
formed experiments was to collect measurements (i.e. temperature, pressure, chemi-
cal composition) in order to gain better understanding of the backdraft phenomenon
and to provide scientific data for validation of numerical models.

The main objective of this article is to present numerical modelling of back-
draft. The simulations include the initial gravity current that is formed after the
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door is opened the ignition, spreading of flame in the enclosure, the external fireball,
and the subsequent decay. In the present work, the numerical simulations start from
the point in time when the door is opened till the backdraft has decayed inside and
outside the compartment. The Detached Eddy Simulation (DES) approach (Menter
and Kuntz, 2003) was used to model flow’s turbulent behaviour. A combustion
model, based on the Eddy-Dissipation concept of Magnussen and Hjertager
(1976), was developed to describe progressive fire spreading through the mixture
of methane, air and combustion products. An additional ignition model was needed
to initiate the combustion process when local conditions reach the combustible range
for methane.

The simulation results reveal detailed distributions of velocity, temperature and
chemical species during backdraft sequence. The article also presents comparisons of
calculated pressure and temperature distributions with the experimental data of
Gojkovic (2000).

BACKDRAFT EXPERIMENTS

The backdraft experiments were performed as a part of the project “Backdraft
and Underventilated Fire,” sponsored by the Swedish National Rescue Service
Agency. A so-called backdraft container was built to serve as a demonstration device
as well as an experimental apparatus. Natural gas has served as fuel during the
experiments. A total of 13 experiments were conducted. In 8 cases backdraft did
occur following ignition of the mixture with a heated wire. Repeatability of such
large scale experiments in a non-uniform environment is always problematic as the
ignition and the appearance of subsequent reaction strongly depend on local flow
conditions and chemical composition in vicinity of the ignition source as well as
on environmental influences (e.g. temperature, wind speed and moisture content).
During the experiments, gas temperatures, gas concentrations as well as dynamic
and static pressures were measured.

Experimental Setup

The backdraft container (Figure 1) was built from a standard shipping con-
tainer, which is 5.5m long, 2.2 m high and 2.2m wide. The shipping container was
modified in several ways to fulfil its purpose as an experimental apparatus.

The container was first sealed and insulated properly in order to keep the heat
and the unburnt gases in the container. It was not absolutely air-tight, so several lea-
kages may have existed mainly around the pressure relief panel. The container’s
walls were insulated with fibreglass insulation and the floor was covered with con-
crete. A pressure relief panel was placed on one of the short ends of the container.
Its function was to vent any unwanted pressure buildup that might occur during
the experiments in order to protect the construction from severe damage. To allow
better visualisation of the backdraft during demonstrations, a window with fire-rated
glass that withstands high temperature and pressure changes was installed in the
container. An opening was made at the other short side of the container to control
the introduction of air into the container. The opening was 0.8 m high and covered
the whole width of the container. It was placed at mid-height of the container.
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Figure 1 Backdraft container.

The opening was covered by a hatch that can be opened by pulling a wire from a safe
distance. A roof protected the container from precipitation.

In addition to the modifications to the container mentioned above, a few smal-
ler instalments were made in the container. A gas burner is situated on the floor at
the rear end (near the pressure relief panel) of the container centreline as shown in
Figure 2. The burner measures 0.3m x 0.3m and it is filled with sand. A hole in
the concrete floor allows gaseous fuel to enter the burner. An electrical spark igniter
is placed at the edge of the burner to start initial methane combustion. To be able to
trigger backdraft in the container, an electrically heated metal wire was used as an

; Pressure sensor Hatch in opened
Pressure relief .
panel l| Window position

> >
7 ) >
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Figure 2 Sketch of measuring equipment in the backdraft container.
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ignition source (Figure 2). The wire is approximately 1m long and is vertically
oriented. It can also be moved vertically.

To evaluate the experiments in a quantitative and a qualitative way,
pressure, temperature and gas inflow were measured during the experiments.
To measure temperature, two thermocouple trees (TCT) were positioned in the
container. Each TCT contains 5 thermocouples, separated by a distance of
0.4m. The topmost thermocouple was positioned 20 cm under the ceiling. During
some of the experiments 3 additional thermocouples were placed on the wall
opposite the window. In order to calculate flow’s dynamic pressure in the open-
ing, fluid density needs to be obtained. Therefore, 3 thermocouples were also
placed in vertical direction across the opening. All mentioned thermocouples were
type K and 0.25mm thick.

A piezo-resistive pressure sensor was installed in the container. The purpose of
this pressure sensor is to track the static pressure build-up. The sensor measures the
pressure in the container during the whole experiment. When the pressure buildup
reaches a pre-determined trigger-value, the sensor is triggered and the pressure his-
tory is recorded for a total of 6s. Most of the measurements made with the pressure
sensor were unsuccessful. The trigger level must be set quite low (70 Pa) for the sen-
sor to be triggered. When the hatch opens, the vibration caused by the falling hatch
is strong enough to trigger the sensor. The 3 bi-directional pitot tubes were placed in
the opening to record changes in dynamic pressure. On each of the tubes a thermo-
couple was placed. Knowing pressure and temperature (density) of the flowing gas,
velocity of the gas can be calculated. Since the tubes are bi-directional, the direction
of the gas-flow is also given.

The main parameter that determines the outcome of a possible backdraft situ-
ation is the amount of combustible gases in the enclosure. In the experiments natural
gas was used as a fuel. Using a gaseous fuel eases the control of the amount of gas
that enters the container. Three different methods were applied to measure the
amount of fuel in the container. The pressure level in the tank originally containing
natural gas was recorded, as the pressure change in the tank corresponds to the
amount of gas that entered the container. Also, the tank was placed on a scale
and the mass loss rate was calculated. The third method involved a Driger Multi-
warn II gas instrument, which is equipped with one infrared sensor for measuring
methane concentration, and with 2 electrochemical sensors for measuring carbon
dioxide and oxygen concentrations.

Experimental Procedure

The purpose of the experiments was to simulate a real backdraft scenario using
natural gas. In reality, backdraft most often occurs due to pyrolysis of solid fuel.
However, natural gas has a lot of similarities with gaseous products of pyrolysis such
as a density lower than air and flammability within certain limits. Beside that, it is
much harder to control the amount of gaseous fuel produced by pyrolysis of a solid
fuel than to measure the release of natural gas into the container.

The experiment starts by closing the hatch and the pressure relief panel. At this
stage the container is rather air-tight. A small ventilation hole is opened and the
spark igniter located at the burner ignites the gas. The burner produces a 2m high
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Figure 3 Fireball in the experiment No. 4.

flame with heat release rate of approximately 600 kW. When the flame is stabilised,
the small ventilation hole is covered by a hatch. The reason for opening the venti-
lation hole is to vent the overpressure created when igniting the flame. Due to oxygen
vitiation, the flame dies out after approximately 1 min.

Even after the flame has gone out, the natural gas is kept flowing through the
burner into the container. This procedure simulates the pyrolysis process when a
high concentration of combustible gas is generated. When the desired fuel concen-
tration is reached, the gas flow is turned off. If no combustion was present in the
container, the fuel release would amount to 25% of the whole container volume.
The hatch that covers the slot opening is then opened and fresh air is allowed to enter
the container. The ignition source is turned on. The air mixes with the natural gas
creating a flammable region. When the flammable region reaches the ignition source,
the gas mixture is ignited. The temperature rises very quickly causing a volumetric
expansion that expels unburnt gases outside the container. The flame propagates
across the container. Finally, the unburnt gases outside the container are combusted
in a dramatic fireball as shown in Figure 3.

From 13 experiments that were performed only in 8 cases the ignition wire
managed to trigger sustainable deflagration. The ignition threshold of a combustible
mixture strongly depends on concentration and temperature, and it is still a subject
of intensive research. In a dynamic environment, local flow conditions also have a
significant effect. To the authors’ opinion, poor repeatability of backdraft occur-
rence is associated with a weak ignition source. This means the ignition threshold
of the mixture close to the ignition wire is too high in comparison to the energy
of the heated wire. Also, it needs to be emphasized that it is extremely hard to get
reliable measurements from such experiments. This is mainly due to two different
time-scales of the backdraft phenomena. Namely, initial heating of the container
and accumulation of the combustible gas is happening on much longer time scale
than subsequent gravity current of entering fresh air and the ignition of the mixture.

NUMERICAL MODEL

The CFD model closely followed the experimental setup of Gojkovic (2000).
As in the experiments, methane was used as a fuel. The following single step chemical
reaction shows conversion of chemical species:

0.79 0.79
CH4+2(02+mN2) §C02+2H20+2mN2 (1)
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The simulations were performed using CFX-5.7.1 software. To achieve realistic
backdraft simulations, additional mathematical models were added to those already
available in the standard version of the code. The details will be given later. The tran-
sient model starts at the instant at which the door opens and fresh air enters the com-
partment.

Geometrical Considerations and Initial Assumptions

The geometry of the model is shown in Figure 4. It is a 1:1 scale of the
experimental apparatus. The enclosure is positioned in the left half of the simula-
tion domain, which is 22m long, 10m deep and 10m wide. The enclosure is also
lifted for 40cm above the ground. A roof plate is positioned nominally 70 cm
above the enclosure and is inclined at 5° from the horizontal position. The roof
was included in the model because of its potential ability to influence the mixing
at the door, as well as external dispersion of the combustible mixture and hence
the external fireball.

Initially, the container is filled with a mixture that contains methane, air and
combustion products. The spatial distribution of the various species was inhomoge-
neous but unmeasured. Gojkovic (2000) reported the total amount of methane that
was released into the compartment. Although, the amount was partially reduced due
to initial burning, the resulting composition of the mixture was rich in unburned
methane and combustion products with a relatively small amount of oxygen that
was unable to support burning. In view of the uncertainties, the following initial con-
tent of methane and carbon-dioxide was assumed in the model:

Wep, =022, Pco, = 0.02 (2)

Air

Enclosure with
methane and
product rich

mixture

Figure 4 Geometrical arrangement of the backdraft model.
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The rest of the mixture composition can be determined from the reaction equation

(1):
Pi,0 = 0.04, Yo, = 0.1196, Py, = 0.6004 3)

The initial velocity was set to 0.0. Some thermal data was available, and a linear
vertical temperature profile was prescribed inside the enclosure:

98°C — 62°C
in — W (Z + 0.7 m) + 62°C (4)
as measured in the experimental case No. 9 after 420 s (Gojkovic, 2000).
For the external initial composition, we assumed fresh air:

Pen, = 0.0, Po, =021, P, = 0.79, Pco, = 0.0, Pip,0 = 0.0 (5)

and an initial temperature of 5°C.

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 distribution at the boundary.

Modelling Approach

Due to turbulence and changes in material composition, the Favre-averaged
form of transport equations have to be used. The full set of mass and momentum
transport equations can be found in any classical fluid dynamics book (e.g., Bird
et al., 1960) and therefore will not be repeated here. Beside the mass and the momen-
tum transport equation for the mixture, the transport equations for the components
CHy4, O,, H>O and CO, are also needed:

0(p&) + O (pV&.) = B(pDDE,) + Se — O (pvice) (6)

where S, is a source term due to the chemical reaction involving component ¢. Fur-
thermore, the energy equation has to be written for the total specific enthalpy:

0i(phior) = Oup + O(pVihuor) = 0;(20,T) + Z 8,8 — 9;(pvil,,) (7)

In the present work, a Detached Eddy Simulation (DES) model (Menter and Kuntz,
2003) was used to model turbulence. Using the Large Eddy Simulation (LES) turbu-
lence model to resolve flow structures in wall boundary layer flows at high Re num-
bers is extremely expensive and therefore not useful for most industrial flow
simulations. The DES model is an attempt to combine elements of the RANS and
the LES approach into a hybrid formulation, where the Shear Stress Transport
(SST) model is used inside attached and mildly separated boundary layers, and
the LES model is applied in massively separated regions.
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To distinguish these two regions, a turbulence length scale, calculated as

vk

ZRANS = m (8)

is compared with a length scale associated with the local grid spacing A in the LES
model:

Ires = CpgsA 9)

The DES model switches from the SST model to the LES model in the regions where
the turbulence length scale /g 4ys is larger than the local LES model scale /; gg.
The turbulence kinetic energy is calculated as

d,(pk) + 8;(pvik) = @((u + 4 )@-k) + P — FppsCupok (10)

il
Ok3

where Fpgg is a blending function:

/
FDEs=max(RANS(1—F2)71) (11)
lrEs

which switches between the RANS and the LES model scale. Turbulence eddy
frequency o is calculated with the following transport equation:

2
O(pw) + 0;(pvw) = a3pS? + @-((u—k K )@w) +(1-Fy) L Ok — Pypar

w3 Tw2

(12)

Turbulent viscosity is defined as in the SST model:

o alk
o= max(a,w, F>S)

and turbulence heat and mass fluxes are calculated as

Pl =~ 0k and pyE = — (Lo (14)

Usually the molecular mass diffusivity pD is small in comparison to the turbulence
mass diffusivity p,/Sc; and often unknown. Note that the parameters 043, d3, 0,3, 3
and F, are not constants. Their values are calculated locally during the simulations
as in the SST model (Menter and Kuntz, 2003). Sensitivity analysis of the turbulence
model parameters is beyond the scope of the present article.

Modelling of combustion was based on the eddy-dissipation concept, where the
combustion reactions are lumped together in a one step reaction, which is fast rela-
tive to the transport processes in the flow. In order to describe the combustion pro-
cess of the mixture from the local ignition to progressive deflagration, three separate



Downloaded By: [University of Oxford] At: 13:13 18 February 2008

54 A. HORVAT ET AL.

combustion models were used for laminar, low- and high-intensity turbulence flow
regimes.

In the laminar regime, the reaction rate of fuel is approximated with a relation
using a constant burning speed Uy and the molecular concentration of fuel Zf:

Up -
Rf,Lum:_WCf (15)

For methane, the burning speed Up = 0.36 m/s was taken from Drysdale (1990).
After the transition to turbulence the flame front becomes distorted due to turbu-
lence eddies. For the low-intensity turbulence regime, Schelkin approximated the
increase in flame front area with conical structures (Figure 5) as described by Kuo
(1986).

The increased flame front areca can be approximated with
A, = Ag(1 +4(h/I')*)'/*. As the height of the conical structures is related to turbu-
lence fluctuations /4 = u,,,,/'/ Up, the final expression for the fuel reaction rate is:

Us g 12
Rf.Low = _m (1 +§(k/U123)> Cf (16)

The eddy-dissipation model (Magnussen and Hjertager, 1976) describes combustion
in the high-intensity turbulence regime. The reaction rate depends on the flow time-
scale t,, = k/e and the molecular concentrations of fuel, oxidizer and products.
Due to the product rich environment, the product dependence of the reaction rate
was left out from the model. Thus, the reaction rate of the fuel is defined as:

e (5 Lo,
Ry pigh = —Cy i (Cp s'> (17)

where the coefficient C4 was set to 8.0.
In the performed simulations, higher of the both reaction rates (16) and (17)
was taken in each timestep using the expression:

U 8 /2 - Lo
Ry = —max (VTI/Z <1 —|—§(k/U12;)> , Cy %) min (Cﬁ él;) (18)

h

Figure 5 Enhancing of flame surface due to turbulence (Kuo, 1986).
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The combustion reaction rate is further limited by multiplying (18) with an extinc-
tion temperature function F,,,, which was defined as a linear function between tem-
peratures 1y, and T,,.,:

T — T/im
Fout = mi LT o)1 |
ext i (max (Tauto - Tlim ’ O> , ) ( 9)

The function F,,, does not allow combustion before 77, is exceeded. This ensures
that fire starts only when the ignition model raises the temperature above 77;,,. On
the other hand, the function F,,, allows only limited combustion before the auto-
ignition temperature 7,,,, is reached. In the presented simulations 7}, and T,,,,
were set to 400 K and 900K, respectively. This gives a rough approximation of
flammability diagrams that are found in Drysdale (1990) or published by N.V.
Nederlandse Gasunie (1988).

The ignition of mixture that occurs as an integral part of the numerical simula-
tion required special attention. It is achieved with a heat source of the cumulative
specific energy I;,, = 1J/ cm’. The heat source is triggered when the mixture is inside
the flammability limits anywhere along the position of the ignition wire (Gojkovic,
2000). The ignition model is triggered at the wire location as soon as the ignition cri-
terion is satisfied.

The needed strength of the ignition source [, was determined using measured
data from Bosch (1976) for fuel rich mixtures. In order to predict the time of the
ignition realistically, the whole flammability diagram (Drysdale, 1990) was examined
at each timestep. The ignition heat source is distributed over At,, = 0.02s (or 20
timesteps) in the form of an even function:

: . 2ign
Tign = sin (n(t — tign)/ Atign) ﬁ (20)
ign

The duration of the ignition phase is significantly longer in comparison to the spark-
ignition in an internal combustion engine, where the ignition phase of the stoichio-
metric mixture is approximately 1 ms (Heywood, 1988).

RESULTS AND DISCUSSION

Three-dimensional numerical mesh with 162,552 grid nodes was generated to
perform the analysis. The mesh consisted of tetrahedra and prisms; the latter are
aligned with walls to improve resolution of the boundary layer structure. The aver-
age mesh spacing inside the enclosure was 5cm. In addition, the mesh was further
refined around the ignition source and the container entrance. As numerical results
can be grid dependent, special care was taken to construct numerical grids with
sufficient resolution and uniformity. Parallel computation took approximately 15
days on 4 processors with 3 GHz processor speed.

The initial timestep was set to Az = 0.02s taking into account the timescale
L/\/Bgh of the initial gravity wave behaviour. In the experiments (Gojkovic, 2000)
the ignition was achieved with a hot wire. In the numerical model, methane and
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oxygen concentrations were checked in a small cylindrical volume at the back of the
enclosure, 1.3 m from the wall, at each timestep. If the methane concentration was
locally within its varying flammability range, a thermal energy source (20) was
imposed over the time interval At,, = 0.02s. After ignition was reached, the time
step was reduced to At = 0.001 s. Figure 6 shows a fireball that is progressing outside
the container due external combustion of expelled unburnt gases.

From the simulation results, instantaneous fields of velocity, pressure, tem-
perature and mass fractions were obtained. Figure 7 shows the instantaneous fields
before the ignition (¢ = 10.0s), during occurrence of a gravity wave. The stream of
fresh and cold air enters the enclosure and moves along the bottom toward the back
wall. It can be identified as a high velocity region (Figure 7a) with low temperature
(Figure 7b) and low mass fraction of methane (Figure 7c). As it reflects from the
back wall, a large premixed region is created, where the mixture is within the flamm-
ability limits.

The time of ignition was compared with the experimental data of Gojkovic
(2000) and presented in Table 1. The ignition point was reached at f;,, = 14.6s.
The calculated ignition time is slightly shorter than the average ignition time
observed in the experiments. The difference may be due to different identification
of the ignition event. In the experiments, the ignition time is determined by visual
identification of fire, whereas in the numerical calculation, the ignition time is
defined by the flammability limits being reached around the ignition wire and the
start of the ignition algorithm. Also, the energy in the ignition source used in the
experiments might not be high enough to instantly ignite the gases, even if they
are within the flammable region.

Figure 8 shows the instantancous fields of velocity, temperature and mass frac-
tions of methane well after the ignition (z = 14.65s). At this stage, the flame front has
propagated over the upper half of the container (Figure 8b). The fire front progresses
through the combustible mixture generating a cloud of hot gases that is moving
upwards due to buoyancy. As the hot gases expand, the flow is accelerated from
the container to the external environment. The velocity increases up to 20m/s

—

Figure 6 Temperature isosurfaces of 400 K and 900K, t = 16.7s.
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Figure 7 Velocity (a), temperature (b) and methane mass fraction (c) before the ignition, t = 10.0s,
y = 0.0m cross-section view.

(Figure 8a). Mass fraction of methane rapidly decreases in the area of the fire, which
creates a methane depleted region in the middle of the container (Figure 8c). Some of
the fuel is also pushed out of the enclosure.
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Table 1 Comparison of the time to ignition; the experimental data for methane con-
centration in the enclosure are calculated from supply vessel weight measurements
(Gojkovic, 2000)

Yen, Lign [s]
Experiment no. 4 0.35 35
Experiment no. 7 0.28 46
Experiment no. 9 0.31 25
Experiment no. 10 0.27 15
Experiment no. 11 0.20 32
Experiment no. 12 0.27 34
Experiment no. 13 0.23 22
Numerical simulation 0.24 14.6

Figure 9 shows the instantancous fields of velocity, temperature and mass frac-
tions of methane where the fire front already propagates outside the enclosure
(t =16.8s). When the fire front reaches the door, combustion continues outside
the enclosure (Figure 9b) as the fuel has been pushed through the door. The external
combustion further accelerates expelled gases, which form a horizontally elongated
cloud. As the gases are much hotter than surroundings, they slowly raise and eventu-
ally disappear from the simulation domain. In the container, the temperature starts
to decrease due to the consumed methane and consequently its low mass fraction
(Figure 9c).

Time distributions of relative pressure (p-p,.,) and temperature after the
ignition were also compared with the measured values of Gojkovic (2000). Unfortu-
nately, the time interval between temperature measurements is too long for reliable
comparison of results. Nevertheless, some conclusions can be obtained from the cur-
rently available sets of data.

Figure 10 shows comparison between the calculated time distribution of rela-
tive pressure and a record taken from the pressure sensor (Figure 2). The present
combustion model is simple and computationally very efficient. Unfortunately, it
only barely takes into account the reaction kinetics, which depends on local and tem-
poral chemical composition and temperature. As a consequence, the total amount of
consumed fuel is larger than seen in the experiments. This lead to a slightly stronger
pressure pulse (Figure 10) and higher temperatures (Figure 11).

CONCLUSIONS

As a part of an experimental program, eight successful full-scale backdraft
experiments were performed at Lund University. The experimental apparatus was
built from a standard shipping container, which was appropriately modified. Natu-
ral gas, which was used as a fuel, was pumped into the sealed and insulated container
to produce a fuel and product rich mixture where burning is unsustainable due to
lack of oxygen. Fresh air was introduced through a horizontal opening to dilute
the mixture and return concentrations to the combustible range. The backdraft
was initiated with a heated wire at the back of the container, which triggered the
backdraft when conditions local to the wire reached the flammable range. A flame
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Figure 8 Velocity (a), temperature (b) and methane mass fraction (c) after the ignition, t =1509s,

y = 0.0m cross-section view.

front propagated across the container and formed an external fireball. During the
experiments, pressure, temperature and gas inflow were measured.

For prediction of the backdraft phenomena, a CFD model was built and
numerical simulations of one of the full-scale backdraft experiments were conducted
to verify modelling assumptions. The mathematical model describes the system from
the time at which the enclosure door was opened. Thus, the inert gravity current,
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Figure 9 Velocity (a), temperature (b) and methane mass fraction (c) after the ignition, t = 16.8s,
y = 0.0m cross-section view.

which precedes the backdraft, was computed as part of the simulation. The DES tur-
bulence model was used to model turbulence behaviour. The ignition model, which
has been developed, initiated the combustion process when conditions at any
part of the heated wire in the rig reached concentrations, which lay within the
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Figure 10 Time distribution of relative pressure after the ignition.

flammable range. To describe combustion in fuel- and product-rich environments, a
customised combustion model was constructed from three separate combustion
models.

The numerical simulations predicted ignition after 14.6 seconds, which is
slightly shorter than in the experiments. The difference was probably due to different
identification of the ignition event between the experimental observation and the
mathematical definition in the simulations. The simulations also predicted a propa-
gating flame front, which generates local flows with velocities up to about 30m/s
near the door. As in the experiments, the analysis demonstrated that burning occurs
not only inside the compartment, but also outside. This is caused by the expulsion of
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Figure 11 Time distribution of temperature after the ignition.
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fuel gas from the compartment upstream of the primary flame front. Differences
between the simulations and the experimental data are greater for pressure and
especially for temperature. This is probably attributable to the shortcomings in
the combustion models, which overpredict the reaction rate. Nevertheless, it should
be noted that the experiments were not always repeatable, and in some nominally
identical situations, backdraft was observed in one test but not another. The simula-
tions and the comparison with the experimental results reported here are encour-
aging. Nevertheless, there is clearly a need for improving the quality of the results.

NOMENCLATURE

Latin

Ap, A, surface of a flame front

Cy, Cp Eddy-Dissipation model constants
Cpes =0.61, constant

Cy =0.09, constant

D molecular diffusivity

F, Fpgs turbulence model blending functions
F,., extinction function

g gravity acceleration

H Heaviside unit step function

h height of the container

Brot = ¢,T +0.5p¥;¥, total specific enthalpy
Lig, specific energy of ignition

k turbulence kinetic energy

L length of the container

/ length scale

P turbulence production term

Pr Prandtl number

P> Pamb pressure, ambient pressure

R reaction rate

S source term, invariant measure of the strain rate
Sc Schmidt number

s stoichiometric ratio

T temperature

t time scale

Up flame speed

Upps turbulence intensity

V volume of finite computational cell
v velocity

X, ),z spatial coordinates

Greek Letters

volume/molar fraction
turbulence frequency

ﬂ (puir/pmixmre) -1

A local grid spacing

& turbulence dissipation rate
14 molar concentration

9 heat of combustion

A thermal conductivity

Iy Ly dynamic viscosity, eddy dynamic viscosity
¢ mass fraction

0 density

v

0}
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