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Abstract

The project aims at simulating and studying the
flame spread phenomena over a thermally thin solid
fuel in a purely zero-gravitational field. There are
two different regions of flame spread against the solid

fuel thickness. In the first regions, t £t the
flame-spread rate increases with solid fuel thickness.

But in the second region, t 3 t ¢, the flame-spread
rate gradually decreases as the solid fuel thickness
increases. The controlling mechanisms in these two
regions are the nature of solid fuel and heat transfer
from gas phase, respectively. The solid fuel can be
divided three zones according to solid phase
temperature profile. They are the preheat zone,

intense pyrolysis zone and constant temperature zone.
In the preheat zone, the solid phase temperature raises
continuously and pyrolysis does not occur yet. In the
intense pyrolysis zone, the large parts of energy
feedback from flame are used to pyrolyze fuel vapors
so the pyrolysis reaction is intense. In the constant
temperature zone, the solid fuel temperature maintains
pyrolysis temperature until  burnout. The
flame-spread rate is faster in the higher oxygen
concentration  environment. The relationship

between flame-spread rate and oxygen concentration

is found to be Vf =6.38Y,, "™ within the range of

0.2£Y,, £0.45. The predicted extinction limit
isat Y, =0.14.

Keywords. flame spread, thermally-thin fuel, zero
gravity, fuel thickness, oxygen index

Introduction

The project aims at simulating and studying the
flame spread phenomena over a thermally thin solid
fuel in a purely zero-gravitational field. It is
motivated from previous series of studies [1,2,3],
which investigated the structure and behaviors of
spreading flame over the thermally-thin solid fuel
subjected different gravity intensity. However, no
consideration so far is taken for accounting on the
exactly zero gravity environment. Experiments and
model prove that the flame behavior is affected by
ambient oxygen concentration. As ambient oxygen
concentration increases the flame-spread rate have the
same tendency. If ambient oxygen concentration is
lower than a critical value, the flame will extinct
[4,5,6].

The objective of this study is to explore the
mechanism of flame spread over the thermally thin
solid fuel in quiescent, zero gravity environment by
changing fuel thicknessin detail. And in this special
condition, the ambient oxygen concentration is the key
parameter to affect the flame spread rate. So its
effect is also considered.

M athematical M odel

Asshown in Fig.1, which presents the schematic
configuration of flame spread model, the flame is



stabilized on the side of the fuel bed with a quenching
layer (frozen reaction zone) in between. The
governing system for the fuel now becomes steady

with trandation velocity V, . The governing

equations for gas phase includes conservation
equations for continuity, momentum, energy, and
species, an equation of state, and an expression of
viscosity variation with temperature. They are
coupled with the solid phase energy and mass
conservation equations at the interface. The study
adopts an Arrhenius-type expression describing the
fuel consumption rate for the chemical reaction in gas
phase, and the process that decomposes solid fuel into
volatiles and char.

The boundary conditions are:
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The SIMPLE agorithm [7] is adopted to

develop the numerical agorithm. According to the
grid test procedures, a 220 x 70 non-uniform grid is
adopted in this study. The computation is performed
on aPC at National Chiao Tung University.

Results and discussion

Figure 2 displays the flame-spread rate as a
function of solid fuel half thickness in the range of

0.0015cmE£t £0.02cm . There ae two
different regions of flame spread against the solid fuel
thickness. In the first region,

0.0015cm£ t £ 0.006 cm, the flame-spread rate
increases with solid fuel thickness. This
phenomenon is violation of the traditional concept that
the flame-spread rate is faster over athinner solid fuel.
This is because that in this region the solid fuel is too
thin to pyrolyze enormous fuel vapor to provide
combustion so that the flame becomes weaker.

When t <0.0015¢m the flame does not exist
anymore. In the second region,

0.006 cm<t £0.02cm, the flame-spread rate
gradually decreases as the solid fuel thickness
increases. Because the thicker fuel is needed more
energy to raise its temperature and pyrolyze fuel vapor
into air to form the flammable mixture. The gas
phase temperature adjacent the solid fuel surface is
guenched by solid fuel.  When the solid fuel becomes
thicker the gas phase temperature adjacent the solid
fuel surface will decreases. So the gas phase
conduction from flame to solid fuel is weaker so that
the vaporization fuel vapor is less and the
flame-spread rate is decrement. In this region the
flame spread is heat transfer controlled. Thetrend in
the second region is in qualitative agreement with the
thermal theory by de Ris [8] for thermally thin fuels.
The de Ris theory [8] predicted the flame-spread rate
is an inverse proportion with fuel thickness. But the
de Ris theory [8] cannot predict the same trend in the
first region. We define the critical half thickness

[ & as the fastest flame-spread rate at this half
thickness. But this value is not a constant. For
different solid fuels this value is change. In this

study f o equals0.006 cm.

The response of solid fuel is shown in Fig.
3(a)-3(d). As shown in Fig. 3(a), the solid phase
temperature distribution can be divided three zones: (a)
preheat zone, (b) intense pyrolysis zone and (c)
constant temperature zone. In the preheat zone, the
heat flux from gas phase is totally used to raise solid
fuel temperature. Due to this the temperature rises
fast in this zone. In the intense pyrolysis zone, the
solid fuel temperature slight decreases behind the
flame tip and increase gradually. Because the large
parts of energy feedback from flame are used to
pyrolyze fuel vapors in this zone so that less energy is
used to raise solid fuel temperature.  This is
confirmed from Fig. 3(b) and Fig. 3(d). Figure 3(b)
and 3(d) are the distributions of solid fuel density and
burning rate. As shown in these figures, the density
variation is very fast and the burning rate is relative
large in this zone. The density variation is less and
the burning rate drops quickly in the constant
temperature zone (behind the intense pyrolysis zone).
In other words, the pyrolysis is intense in the intense
pyrolysis zone and is weak in the constant temperature
zone. Inthe constant temperature zone, the solid fuel



temperature reaches pyrolysis temperature and
maintains this temperature until burnout.  We
compare the response of solid fuel at different
thickness. It can be found that when the solid fuel
thickness increase the solid fuel temperature becomes
lower in the intense pyrolysis zone (Fig. 3(a)).
Because of thicker solid fuel the more energy is
needed to raise its temperature and pyrolyze fuel
vapors. This causing the temperature of thicker fuel
is lower than one of thinner fuel. As shown in Fig.
3(c), the value of heat flux from gas phase at

t =0.002cm is about
t =0.0lcm and greater

t =0.015cm. But the burni ng rate does not have
the same trend (Fig. 3(d)). Thisresult shows that the

very thin solid fuel (¢ £ t &) cannot pyrolyze enough
fuel to burning although the heat flux form gas phase
is large. It explains why the flame-spread rate
decreases when the solid fuel thickness decreases in

the same one at

than one at

tE£ta region.
Figure 4 shows the flame-spread rate as a
function of ambient oxygen concentration at

t =0.0076 cm. The flame-spread rate is faster in
the higher oxygen concentration environment.
Because the chemical reaction rate is more active in
the higher oxygen concentration environment, leading
to ahigher flame temperature. The stronger flame let
the forward gas phase conduction become more
intensive and yields faster flame-spread rate.  On the
other hand, the predicted extinction limit is at

Y, =0.14 (extinction limit). However, Olson’
experiment [5] found that the extinction limit is
Y, =0.205. The prediction of the extinction

limit is lower than that by the experiment. It is
because the gas phase chemistry is described by a
one-step overall chemical reaction and radiation heat
transfer does not consider in the numerical model.
Far away from the extinction limit, the relationship
between flame-spread rate and oxygen concentration

isfound to be Vf = 6.38Y,, """ within the range of
0.2£Y,, £0.45. The experiment by Olson [5]
found pr Y0¥1'll for Y, 2 0.4.
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Figure 1. Schematic configuration of flame spread
model
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Figure 2. Flame spread rate as function of the fuel half
thickness
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Figure 3. Distributions of (a) solid fuel
non-dimensional  temperature (b) solid  fuel
non-dimensional density (c) heat flux from gas phase
(d) mass burning rate.
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Figure 4. The flame-spread rate as a function of
ambient oxygen concentration.
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