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Introduction

The higory of the development of flame-arresting devices began with the pioneaing work of Sir Humphrey
Davy in 1814, who studied experimentall y the problem of preventing mine explosions caused by natural pockets
of firedamp ignited by a miner's lamp[1]. He used tubes, concentric circular canals, and other devices to
separate the flame from the outside explosive environment. His work was the firgt to indicate that flames can be
guenched when they encounter small apertures or openings. This led to the oncept of quenching distance a
parameter first defined by Holm [2] in 1932. Subsequently, a number of experimenta investigations have been
carried out to oltain data on the quenching distances of a wide variety of combustible mixtures. Under smple
geometrical configurations, athermal theory of laminar flame quenching, based on an energy balance between
the rate of heat generation of the flame axd the hea absorbed by the quenching surface leads to correlate the
guenching dstanceD to the Pedet number Pe=3D/a , where S and a are the burning velocity and thermal
diffusivity of the mixture[3]. This correlation is confirmed by experimenta data [4]. In the presence of more
complex fluid mechanics, like those induced by the tortuous paths encountered by the flow through a packed
bed, this smple therma theory might not work. In fact, flame stretch might either increase the flame surface
area and thus the burning rate, or increase hea losss to the fresh gas mixture and contribute to flame extinction,
while hed losses to the solid wall salways act in favor of flame quenching.

Packed beds of spheres are simple ad inexpensive designs for flame-arresting devices. Fabricaion is smple
and cleaning is esentially replacement of the packed bed itself. However, few data ae available on flame
propagation and limits of combustible mixtures in packed beds of sphericd particles. Furthermore, the basic
medhanisms of flame propagation and extinction in a packed bed are not well established. Babkin [5] studied
flame speel through packed beds, but no attempt was made to correlate propagation limits with parameters of
the packed bed (i.e. sphere material, bead size, etc.). Experimental data indicae that quenching dstances are
somewhat dependent on channel geometry [6] and, subsequently, correlations to relate the quenching eff ects of
different geometries have been oltained and verified experimentally [7]. However, for the complex geometry of
a packed bed, the open channds for flame propagation are non-uniform and only an average dimension can be
defined. Thus, the ohjedive of the present study is to investigate the phenomenon of flame quenching in a
packed bed of spheres, bath experimentally and through detailed numerical modeling. The quenching limits are
determined experimentally as a function of the packed bed parameters, and the dependency is dudied to
€lucidate the medhanisms of flame quenchingin a packed bed of spherical particles. The effect of heat losses on
the extinction of gas flamesin a packed bed is assessed and compared to the dfect of flame stretch induced by
the flow. Numericd simulations are also used to separately test, via "ideal" experiments, the influence of each
sub-medhanism.

Experimental Setup

The experimentswere caried out in a 1.8-m long transparent Plexiglas tube of 5-cm interna diameter. The tube
was congtructed to match the standard flammability apparatus of Coward and Jones, to permit a dired
comparison of data[8]. The cmbustible mixture was prepared by a continuous flow method where the
concentrations of fuel and axidizer (air) were monitored using cdibrated flow meters. The fuel and air streams
were mixed in a chamber and the resulting mixture was flowed through the flame tube for sufficient time to
allow the displacement of ten tube volumes. Prior to ignition, the ignition end o the tube was opened to the
atmosphere whil e the downstrean end remained closed. Thus, in all experiments the flame propagated from the
open end to the dosed end of the tube. The mixture was ignited with a5 mm spark. The igniter was located at
the top of the tube for downward flame propagation and at the battom for upward flame propagation. Methane-
air and propane-air mixtures were used in the present study.



The packed bed of solid spheres was supported on awire screen located 0.9 m from the end of the tube. A range
of materials were tested (i.e. glass stainless $ed, and brasg. The thermal properties of these different materials
vary by two arders of magnitude. The sphere diameters varied between 9.53 mm and 25.4 mm. Experimental
results were found to be independent of the height of the packed bed sedion for column heights greater than
approximately one tube diameter. Thus, all experiments were mnducted with a one-tube diameter height of
spheres. Failure or successful transmisgon of the flame through the packed bed was determined by visual
inspedion, following the standard procedure used in flammabil ity tests. To assessthe dfect of the non-uniform
crosssectional area of the channels of a packed bed on flame propagation, experiments were also conducted
with a flame-arresting element consisting of a series of thin, evenly-spaced, parale sted plates conneded hy
four thin nealles and soldered to form arigid structure. The planes of the plates were set parallel to the tube axis
to form a series of planar channels for flame propagation. A range of channd widths between 4 mmand 7 mm
was tested. The spacing between plates was acaurate to £0.1mm. Both arrangements are shown in Fig. 1.

Fig. 1 Two different arrangements used for the flame-arresting device

Numerical M odel

The development of flames through gas mixtures in enclosures represents perhaps the most studied class of
transient gas combustion phenomena in laminar flow. Classcd configurations include spherical vessels,
redangular and cylindricd tubes, as well as more mmplex geometries. There is evidence of the occurrence of
strong and complex interactions between flame demistry and thermodynamics, and fluid mechanics. Even
when garting from re<t, fluid flow isinitiated and driven by the reaction, and, depending an the geometry of the
confinement, the flow interacts with the flame and determines its developing structure. The structure of the
flame in turn determines the overall burning rate. The flow can get very compli cated and rapidly evolving with
time. In fact, inviscid and viscous flow regions coexist, the first esentialy determined by the flame acting as a
volume source, and the second primarily located nea the confining walls.

The present model is based on the classc Navier-Stokes equations for reacting flows. For a mixture of ideal
gases not dedrically charged, the Navier-Stokes equations can be written as:
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wherep = Zszlpk , and the total energy is defined in the usual way as e = u+§v2 +@. Inthe guations t is
thetime wardinate, p the density, v the velocity vedor, j thediffusive flux, r thereactionrate, & the stress
tensor, g the gravity vector, q theheat flux, u theinternal energy, @ the potential energy, p thepressure, T

the temperature. Subscript k refers to the chemical spedes. The auations are dosed with proper initial and
boundary conditions, and a set of constitutive eyuations. Transport coefficients are evaluated as in [9]. Dufour
and Soret effeds are negleded. Radiation is not considered. A single step, global reaction medhanism with
Arrhenius-type kinetic law is adopted for the modeling of the mmbustion of a hydrocarbon. A low-Mach
number formulation is adopted, and an dliptic equation is derived for the pressure wrredion, and closed with
proper boundary conditions. The numerical discretization is conducted by means of a control-volume
formulation. The computational grid (that gets as large as 50x 400 square cdls) is chosen with constant-width
space steps, to avoid the presence of numerically preferred diredions of evolution. The mesh sizeisthe same as
that used in[10]. This enabled the aithors to reportedly maintain the error on the flame speed within an
excdlent 0.3%. The cmputational procedure is summarized as follows. composition and temperature ae
computed first by explicitly solving spedes and energy balance then densty is obtained dredly from the gas
state eguation. The presaure gradients are omputed from the dliptic equation. The velocity field can then be
updated through the momentum balance ejuation.

The mode is applied to a downward propagating flame entering a tube, in an axisymmetric cylindrical
configuration. The base ase @mnsists of a downward propagating flame in a nea-limit mixture of propane-air.
Each smulation requires 48 hours of CPU time on a Digital Alpha Station 466VIHz.

Results and Discussion

As a preliminary assssment of the procedure, results were verified to agreg bath quantitatively and
qualitatively, with previous experimental observations of upward and downward laminar flame propagation in
an open tube (i.e., without the packed bed sedion). For example, the upward lean flammability limit for CHy-air
isfound to be 5.35%, in acoord with the value of 5.3% given in [8]. A downward limit of 5.98% for CH,-air is
obtained which agrees well with the value of 5.85% reported in [11]. In addition, the results $iow the dfea of
buoyancy: flammabil ity limits for upward flame propagation are wider than those for downward flames.

Propagation and quenching o the flame in the packed bed can be observed when the packed bed is transparent
(i.e, glass gheres) and, of course, from a sde view in the ase of the aray of paralld plates. Visud
observations of the structure, propagation, and extinction of the flames are in good agreement with previous
optical studies of nea-limit flame phenomena[12, 13]. For example, a typica downward flame is planar in
shape, with the edges curved dightly upwards. At left in Fig. 2 are sequential photographs of the etinction
processof a downward propagating methane-air flame through one of the parallel channds in the arrangement
shown in theright frame of Fig. 1. Numerical simulations of a downward propagating propane-air flame, shown
in theright frame of Fig. 2, indicate a remarkabl e qualitative agreament with the experiment.

The thermal conductiviti es of the packed beds were chosen to vary over several orders of magnitude (i.e., glass
stainless $ed, and brasg. Intuitively, it is expeded that a material with high therma conductivity will have
narrower flame propagation limits. Experimental results, however, clealy indicate that the extinction limits are

Fig. 2 Qualitative mmparison of experimental (left) and numerical (right) evolution of the
guenching o a nea-limit, downward propagating hydrocarbon-air flame. Time intervals and
lengths not to scale.
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Fig. 3 Overdl burning rate (top) and flame location (battom) for a nea-limit propane-air flame
propagating downward and entering a tube, as computed in numerical smulations.

insensitive to the material of the solid spheres (seefor example [14]). This result is in accordance with flame
guenching experiments in small tubes where the tube wall material has been found to pay a small role in the
flame quenching distance [2]. Despite these results, conduction is not excluded as a means of heat transfer in the
packed bed. First of all, as noted in [14], given the time scde of the passng flame front (of the order of 10 ms),
the temperature of the sphere surface @nnot significantly increase from the initial value, regardless of the
sphere material. Flame temperatures for gaseous hydrocarbon-air flames are an order of magnitude higher than
the anbient condition in the present experiments. As a consequence, stegp temperature gradients are present at
the sphere surfaces and their magnitudes are insensitive to the sphere material.

The numerical experiments provide further confirmation that hea transfer to the wall is the dominant
medanism of flame quenching. Figure 3 reports the overall burning rate (on top) and the flame location,
measured downward, for a near-limit propane-air flame propagating and entering a tube having a diameter of
20 mm. The tube entranceis located at 0.02 m from the top of the mwmputational domain. The smulations are
conducted under threedifferent conditions: the "real" one (bath fluid-medhanics and heat transfer to the wall are
considered), the "freedip" one (freedip condition a the wall, i.e. strongly reduced flame strain), and the
"adiabatic" one (full strain but no heat transfer to the wall). It is seen that the flame is quenched in the real and
in the freedip cases, with dight quantitative differences, while it propagates throughout the tube if the hea
transfer to the wall is eliminated from the scene.

Finally, by estimating the average channe dimension between the dosaly packed spheres as a characteristic
guenching dstance, extinction limits determined in packed beds can be reported in the same chart dlong with
those determined for pardl e plates. The average channel dimension in a dose-packed bed of sphericd particles
is 0.3ds, where d; is the sphere size [16]. It is seen that the experimenta results obtained are in fairly good
agreament with the published data. Figure 4 reports the quenching distances as determined for methane-air and
propane-air mixtures as a function of the equivalenceratio. It is ®e that the extinction limits in a packed bed
arewdl correlated to the quenching distance of the mixture.

It can be mncluded that the quenching medanisms in a packed bed are governed by those responsible for more
traditional flame quenching experiments with straight narrow channels. The dominant flame quenching
medhanism in a packed bed o sphericd particlesisthusheat lossto the sphere surfaces by conduction.
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Fig. 4 Characteristic quenching dstance as a function of methane (left) and propane (right)
concentration in air for packed beds and perallel plates. Published quenching dstance data
obtained from [6] and [15].
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