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SIMULATION OF FLAME PROPAGATION THROUGH VORTICITY REGIONS
USING THE DISCRETE VORTEX METHOD*

P. K. Barr
Sandia National Laboratories
Livermore, California 94550

ABSTRACT

The interaction of a freely propagating premixed flame with regions of
high vorticity in the flow is investigated using a computer model. These
vorticity regions are formed due to the flame-generated volume expansion
that pushes gas past obstacles ahead of the flame. In the computer
mode]1 the discrete vortex dynamics method is used to simulate the time
development of the vorticity regions downstream of each obstacle. The
flame front is modeled as a wrinkled laminar flame interface that
pronagates normal to itself at the laminar burning velocity, separating
the two different density fluids: burned and unburned. Two different
obstacle configurations are discussed in this paper. In the first case,
a flame causes unburned gas to exhaust out of a planar duct, and when
the flame reaches fhe duct exit it interacts with the vorticity which
was formed at the exit. Two versions of this configuration are
considered: sharp and square edge exit. The second case involves a
series of obstacles in a channel. Here, the repeated obstacles in the
channel leads to acceleration of the flame as indicated by the dramatic
increase in fuel consumption.

*Partially supported by the U. S. Nuclear Regulatory Commission and the
U. S. Department of Energy, Office of Basic Energy Sciences.

1i1/dv



CONTENTS

Page
ABSTRACT i1
INTRODUCT ION 1
COMPUTER SIMULATION 1
FLAME PROPAGATION THROUGH A SINGLE VORTICITY REGION 2
FLAME PROPAGATION THROUGH MULTIPLE CHAMBER GEOMETRIES 3
CONCLUSTON 4
ACKNOWLEDGEMENT 4
REFERENCES 4
FIGURE CAPTIONS 5
FIGURE 1 6
FIGURE 2 7
FIGURE 3a 8

FIGURE 3b 9



INTRODUCTION

For premixed flame propagation the fuel consumption rate depends on
both the surface area of the flame and the local flame speed. The
flame surface area can be greatly increased by convection in a turbulent
flow region. In partially confined flows, the chemically-induced volume
expansion determines the strength of the turbulence regions downstream
of obstacles in the flame's path. Thus, as the flame surface area
increases, the strength of the turbulence also increases, creating a
positive feedback which “urther accelerates the flame. Accidents that
create a combustible gas within a confined or semiconfined volume create
a dangerous situation if obstacles such as large equipment, ventilation
ducts, or doorways between rooms are present. The presence of these
obstacles can lead to an acceleration of the rate of combustion,
possibly resulting in pressures which exceed the design limit of the
confining structure.

Moen, et al. (1980) demonstrated that the presence of repeated obstacles
in the path of a freely propagating flame has significant effect on the
rate of flame propagation. This positive feedback mechanism can lead to
explosive hazards. Experiments by Lee, et. al. (1983) have shown that
the presence of the obstacles in small tubes can provide a mechanism by
which the flame can transit to detonation, even though the ‘nitial
ignition source was not strong enough to initiate a detonation. It is
this process of flame interaction with the repeated obstacles that
generates enough energy release to detonate the remaining gas mixture.

The work presented here deals with the numerical modeling of this flame
acceleration mechanism.

COMPUTER SIMULATION

This computer model deals with the phenomena associated with flame
propagation in a planar channel containing baffles. The presence of
odstacles causes two events that act to increase the burning rate. One
is the contraction of the streamlines as the flow goes over each
obstacle. This causes the flame surface to elongate as the flow carries
the flame through the obstacle-created contraction, increasing the
surface area and thus the burning rate. The second effect is the
formation of a standing eddy downstream of the obstacles.

In this work the discrete vortex dynamics method is combined with a
flame propagation algorithm to model this phenomena. The formation of
the eddy regions behind the obstacles is simulated by introducing discrete
vorticity into the flow field at the ends of the obstacles. The
strength of each discrete vortex is governed by both the frequency of
vortex shedding (time interval for integration) and the magnitude of the



velocity past the obstacle (velocity change through the boundary layer).
In this model, no other mechanism is included which can change the
amount of vorticity present in the flow (i.e., boundary layers along
other walls, vorticity creation along the flame front, etc.).

A premixed combustible gas is assumed, and chemical kinetics is replaced
with a simple flame model that propagates a flame interface into the
unourned gas at a specified speed, in this case the laminar burning
velocity (see Barr and Ashurst, 1983). A fixed numerical mesh is used to
record the location of burned and unburned mixture, and the flame
interface is reconstructed from this information. The size c¢f the mesh
imposes a lower limit on the resolution of flame wrinkling.

The assumption of constant pressure in the flow field results in the
restriction to low speed flows, tha*t is, below Mach 0.4. The velocity
potential resulting from the volume expansion is governed by the Poisson
equation. However, the geometry of the obstacle configuration produces
an irregular domain for the flow field. In order to solve the Poisson
equation over this domain, a fast Poisson solver capable of handling
these irregular boundaries is used (Grcar, 1983).

FLAME PROPAGATION THROUGH A SINGLE VORTICITY REGION

The first case considered is the effect of a single vorticity region on
the propagation of the flame (see Figure 1). In this case, only minor
confinement is imposed by two solid perpendicular walls and a shorter
third wall which forms a channel. Point ignition occurs at the closed
end of this channel, and the gas that expands during combustion pushes
flow down the channel, past the edge of the channel, and out through the
free boundaries. This flow past the edge of the channel exit causes a
continuous sheet of vorticity to be released i.to the flow, and because
of the quiescent initial conditions and dimensions of the channel, forms
a single vortex (see Yip, et al., 1984). This vortex grows in size and
strength as the gas continues to flow out the channel exit.

In the computer simulation this continuous sheet of vorticity is modeled
by shedding many discrete vortices, resulting in an coverlap of their
regions of influence and thus a smooth distribution of vorticity. As
can be seen in Figure 1, the indivioual vortices, indicated by dashed
lines scaled to their velocities (which in this case overlap), act to
form a single vorticity region. The flame represents a discontinuity
in density, the ratio of the unburned to the burned density being 7:1.
As the flame propagates down this channel, it moves at a fairly constant
velocity until it starts to interact with the vorticity. The swirling
motion distorts the flame, increasing its surface area and thus the
burning rate. The flame spirals towards the center of the vorticity,
leaving separate spirals of burned and unburned fluid, until the flame
has consumed the unburned fluid within the vorticity region.



Similar behavior is observed in the case of a square-edged channel, as
indicated in Figure 2. In this case, all parameters are the same as
those for Figure 1, except the channel exit geometry. Here, the
individual vortices are released at the same location as that for the
run in Figure 1. However, in thic case the eddy formation is affected
by the vertical edge of the channel, as is the spiraling of the flame
front as it interacts with the vorticity region. Since in the model
a slip boundary condition is used along the additional vertical wall, it
merely acts to block the flow. A comparison of these results with
experimenta’ results ¢ Lnderway (Strehlow, 1984).

FLAME PROPAGATION THROUGH MULTIPLE CHAMBER GEOMETRIES

The acceleration of the flame as it interacts witn flow over a series of
obstacles is demonstrated in Figure 3a, which presents a series of
computer -generated movie frames separated by equal time intervals. In
this case the flame propagates around four staggered obstacles in a
channel open only along the right edge. The combustible mixture is
ignited along the left wall at the closed end of the channel and expands
at a density ratio of 3.8:1. The frames in Figure 3a show the
development of the turbulent recirculation regions and indicate the
speed with which the flame moves through the channel. Figure 3b
presents additional frames from this movie, showing details of the flame
propagation over the obstacles. As can be seen in these figures, the
acceleration of the flame does not start until it begins to pass around
the first obstacle. The increase in the flame surface area due to
channel area contraction at each obstacle and interaction with the shed
vortices causes the flame to accelerate, as can be seen from the
relative positions of the flame front in each succeeding picture.

Experimental results of flame propagation in multiple chambers has been
reported by Chan, et al. (1983). In this experiment, the chamber is a
60 cm long channel (12.7 cm square cross section) containing planar
baffles and is open at one end. It is filled with a mixture of 10.6%
hydrogen in air and is ignited along the closed end. The side walls are
transparent, allowing for Schlieren cinematography to be used to record
the flame motion. The comparison of these experimental results with the
computational results is encouraging (see Chan, et al., 1983). In both,
the flame front jets through the center of the channel, and enhanced
burning takes place behind each of the obstacles. Comparisons of
computed flow velocities with point measurements of gas speeds has
indicated that the rate of acceleration in the numerical simulation is
too low, perhaps by a factor of two. The quantity used in the
comparison should be the net flux through the outlet, or some other
Quantity that reflects the overall burning rate. However, a comparison
of the experimental and numerical flame shapes at similar front
positions has indicated that smaller scale turbulence may be present in
the experimental results, resulting in increased burning in the shear
regions behind the obstacles.



CONCLUSION

The effect of obstacles in the presence of a freely propagating premixed
flame under varying degrees of partial confinement has been numerically
similated. The time development of the eddy regions downstream of each
obstacle is accomplished with the aid of discrete vortex dynamics. The
flame, modeled as an interface between the burned and unhurned fluid,
is treated as a wrinkled laminar flame. This simulation, though limited
to low speed flows, includes the significant effects which result in the
initial acceleration of a flame as it propagates over obstacles.

Computational results of flame propagation over a single obstacle and
over a series of obstacles, both of which were discussed in this paper,
demonstrate the capabilities of the method. Future extensions of this
work will include quantitative comparison with experimental results (see
Chan, et al., 1983, and Strehlow, 1984). Results from these comparisons
will result in improvements in the flame propagation simulation, either
to include flame extinction due to the local flow parameters, or to
simulate the effects of the fine scale turbulence present in the
repeated obstacle experiments.
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FIGURE CAPTIONS

Figure 1. Frames from a computer-generated movie of flame propagation
through a single vorticity region formed at the exit of a channel. Time
sequence proceeds vertically from the lower left, and to the right by
columns. First frame shown is 2.5 msec after point ignition occurred at
the closed end of the channel. Gas is assumed to be stoichiometric
propane-air mixture plus 10% cxygen which has a laminar burning velocity
of 94 cm/sec (Duggar and Graab, 1953). Ratio of uvnburned to burned gas
density is 7:1, grid size is 200-by-100. Thirty computational time
steps separate the frames shown; shedding of discrete vorticity occurs
during every time step.

Figure 2. Frames from a computer-generated movie of flame propagation
through a single vorticity region formed at the exit of a square-edged
channel. A1l parameters similar to those in Figure 1.

Figure 3a. Flame acceleration through a four-chamber configuration.
The distortion in the flame shape as it approaches the first of a series
of obstacles increases the flow velocity which, combined with the
vorticity, further increases the flame surface. The discrete vorticity
is shown by dashed lines, which are scaled to the velocity vector. The
combust ible mixture is 10.6% hydrogen in air which has a laminar burning
velocity of 40 cm/sec (though it is very sensitive to hydrogen
concentration), and the ratio of unburned to burned gas density is
3.8:1. Ignition occurred along left wall (top frame), time between
plots is 30 msec. Channel is 12.7 c¢m in height and 60 cm long. Grid
size is 179-by-40.

Figure 3b. Additional frames from the movie described in Figure 3a.
Top plot is at a time of 110 msec. The smaller time interval, 3 msec
between plots, reveals flame shape during its passage between chambers.
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