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A two-dimensional, time-dependent model is developed describing ignition and the subsequent transition to
flame spread over a thermally thin cellulosic sheet heated by external radiation in a microgravity environment.
The effects of a slow external wind (0-5 cm/s), and of the flux distribution of the external radiation on the
transition are studied mainly in an atmosphere of 30% oxygen concentration. The ignition is initiated along
the width of a sample strip, giving rise initially to two flame fronts spreading in opposite directions. The
calculated results are compared with data obtained in the 2.2-s drop tower. Both experimental and calculated
results show that with a slow, imposed wind, the upstream flame front (opposed mode) is stronger and slightly
faster than the quiescent counterpart due to a greater supply of oxygen. However, the downstream flame
front (concurrent mode) tends to die during the transition period. For all calculated cases studied in this
work using the selected kinetic constants for the global one-step gas phase reaction, the downstream flame
front dies out in oxygen concentrations up to 50% and wind velocity up to 5 cm/s. This is caused by the
“oxygen shadow” cast by the upstream flame. The ignition delay time depends mainly on the peak flux of
external radiation, whereas the transition time to steady state flame spread depends mainly on the broadness
of the flux distribution. The broader the radiative flux distribution, the greater the transient flame spread rate
due to the preheating of the sample ahead of the flame front by the external radiation and thus the greater
the delay to steady state flame spread.

NOMENCLATURE AH heat of reaction
v stoichiometric coefficient
A preexponential frequency factor p density
p specific heat, constant pressure é velocity potential
D mass diffusivity
E activation ener .
h enthalpy & Subscripts
k thermal conductivity o ambient condition
m mass flux 0 initial condition
qr  absorbed external radiation flux P solid phase
R universal gas constant p solid phase pyrolysis
T temperature ox  solid-phase oxidative degradation
t time char solid-phase char oxidative degradation
U velocity vector f gaseous fuel
Y mass fraction sf solid fuel
Yy reflectivity 0, oxygen
8 half thickness of thin solid sheet
€ emissivity
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The fire safety strategy in a spacecraft is (1) to
detect any fire as early as possible, (2) to keep
any fire as small as possible, and (3) to extin-
guish any fire as quickly as possible [1]. This
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suggests that a material which undergoes a
momentary, localized ignition might be tolera-
ble but a material which permits a transition to
flame spread would significantly increase the
fire hazard in a spacecraft. If the transition
does not succeed, flame spread does not occur.
Therefore, it is important to understand how
the transition from localized ignition to flame
spread occurs and what parameters signifi-
cantly affect the transition.

Although the fundamental processes in-
volved in ignition [2-5] and flame spread [6, 7]
have been extensively studied, they were stud-
ied separately without combining ignition and
flame spread through the transition process.
Some of the steady-state flame models start
from ignition to reach a steady state, but since
the objective of such a calculation is to obtain
the steady state flame spread rate, the calcula-
tion through the transition process is made
without high accuracy to save computational
time. Also, the boundary conditions usually
used in a steady-state calculation are not ap-
propriate for the transition period. Most often
in steady-state models constant velocities or
zero velocity gradients are imposed at the
boundaries of the calculation. However, be-
cause at ignition the expansion field generated
by the rapid release of heat impinges on the
boundary of the calculation, care must be taken
to ensure that the artificial boundary does not
interfere with the development of the flames
[91. Attempts to simply pull the boundary far
from the reaction zone usually fail because of
the fact that the expansion velocity decays in-
versely to the distance from the heat source,
requiring a very large domain to contain the
initial expansion.

We have studied the transition from a small
localized ignition at the center of a thermally
thin paper in a quiescent microgravity environ-
ment [9]. The configuration for that study was
axisymmetric. However, it has been observed
in NASA’s drop tower experiment that a slow
external flow can significantly enhance the
flame spread rate [10]. Thus, a slow external
flow comparable to a ventilation flow in a
spacecraft has been added to our previous
model and both two- and three-dimensional
time-dependent numerical codes have been de-
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veloped. The effects of the radiative source
distribution, atmospheric oxygen concentra-
tion, and external wind on the transition from
ignition to flame spread over a thin cellulosic
sheet are studied in this work.

In previous flame spread studies in micro-
gravity, two-dimensional flame spread was ini-
tiated by ignition at one end of a sample with
or against a slow external flow [10]. In this
experimental configuration, there is only one
flame front. However, if ignition is initiated
away from either end of the sample, there
could be two different flame fronts spreading
in opposite directions from the ignition area
simultaneously; one flowing downstream in a
concurrent mode, and the other upstream in
an opposed mode. This configuration might be
more realistic than the one flame front case
because there might be some interaction be-
tween the two fronts. In fact, we will demon-
strate that under certain conditions a flame
originating at either end of a sample strip will
propagate, with or against the external flow;
whereas when the flame originates from the
center of the strip, the front propagating
against the wind will survive the transition to
flame spread whereas the front propagating
with the wind will not.

Both numerical and physical experiments
have been conducted for the two-dimensional
configuration and the results are discussed be-
low. We will restrict discussion in this paper to
the two-dimensional case, and present the
three-dimensional results in a future paper.

MODEL DESCRIPTION

A complete description of the mathematical
model has been given in Ref. 9. A brief outline
of the relevant methodology is given here. First,
the gas phase is governed by the conservation
equations of mass, energy, and species (fuel
gases and oxygen) under low Mach number
combustion and heat transfer conditions, which
can be written

be, v.r=o )
—_ + ) = ,
pr PV
Dh o
pE —V(kVT) =AHfmf+qR (2)
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where & = [Jc,(T)dT. The gas-phase oxida-
tion reaction is represented by a global one-
step reaction

[Fuel Gas] + v, [Oxygen] — [Product]l, (5)

characterized by an Arrhenius rate term

E
n'1f=Ap2YozY}exp(—ﬁ). (6)

These conservation equations are supple-
mented by an equation of state, taken in a
form appropriate for low Mach number flows

ph = p.h.. N

This assumption leads to a Poisson equation
for the velocity potential ¢

_ AHpriv + Gg + V- (kKVT)
Pt

Vi , (8)

which relates the potential field to the temper-
ature distributions in the gas phase. Implied in
this statement is the assumption that the
solenoidal velocity field is not of interest; oth-
erwise there is no alternative to solving the
Navier-Stokes equations. Thus, the velocity ¥
is solely the gradient of the potential ¢. Be-
cause of this, it is easy to superimpose an
external wind onto the flow induced by the
heated surface and gas-phase reaction. A de-
tailed analysis of the potential flow approxima-
tion can be found in Ref. 12.

The absorption of the external radiation by
evolved degradation products in the gas [2, 13]
is not included in the model because a tung-
sten lamp, which emits the majority of its en-
ergy in the near infrared, will be used to re-
duce the absorption as much as possible during
the ignition period in the planned experiment.
After ignition, the external radiation is re-
duced as the sample paper is consumed; thus
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the absorption of the external radiation by the
combustion products such as soot does not
significantly affect the transition process. Un-
der these circumstances, the term 4 can be
neglected. It has been reported that the radia-
tion from the flame to the sample surface
ahead of the flame is important for low op-
posed flow based on model results or measured
surface temperatures in microgravity [7]. How-
ever, the directly measured radiant flux from
the edge of a 30-cm methanol pool flame shows
very small radiant flux, about 2 kW/m? in
normal gravity [8]. This blue flame radiates
mainly from the water and CO, bands, which
were used in the calculations of the micrograv-
ity flame, and the size of the methanol flame is
about two orders of magnitude larger than the
microgravity flame. Therefore, it is not certain
whether the radiative feedback in the opposed
flow configuration is important or not. How-
ever, since the flame becomes bright yellow,
indicating radiation from soot particles in a
concurrent flow configuration, the radiation
from such a flame could be important. At
present, radiative feedback is not included in
the model. If its importance is clearly demon-
strated by experiments rather than by model
results alone which are based on overly simpli-
fied one-step gas phase kinetics, the radiative
feedback will be included in the model.

The boundary conditions for the gas-phase
equations are provided by the solid fuel reac-
tions. It is assumed that the cellulosic sheet is
thermally thin and also of uniform composition
through its depth. The pyrolysis of the cellu-
losic sheet is described by two global thermal
degradation reactions and a char oxidation re-
action. The detailed derivation of these reac-
tions and their kinetic constants are described
in Ref. 15. A brief description of the reaction
model is given here.

1. Endothermic global pyrolysis reaction:

Cellulose — v, ,Char

har, p
+ ¥ ,(H,C, + CO)
+(1 - Vehar,p — st,p)

% (H,0 + CO,). ©
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2. Exothermic global thermal oxidative degrada-
tion reaction:

Cellulose + v0,,0002
= Vepar, xChar + st,ox(Hny + CO)
+(1 + Vo, 08~

xX(H,0 + CO,).

- ysf.ox)

(10)

Vehar, ox

3. Exothermic global char oxidation reaction:
Char + voz,Cha,O2
- Vash,charASh + st,char(Hny + CO)

+(1 + VOZ,char ~ Vash, char

_st,char(HZO + Coz)) (11)

The combustible gases consist of hydrocarbons
(H,C,) and CO and the noncombustible gases
consist of CO, and H,O. It is assumed that
the combustible gases formed from each reac-
tion above are the same. Although these reac-
tions are grossly approximated compared with
the actual, extremely complex degradation re-
actions, their accuracy is at least comparable
to that of the global one-step gas-phase oxida-
tion reaction for the combustible gases, which
is used as the sole gas-phase reaction in this
study. The reaction rates for the three solid-
phase reactions are Arrhenius expressions and
are given in Ref. 15. Radiative loss from the
sample surface is included in the model, and
the emissivity of the fuel is assumed to be one.

The geometrical configuration for the two-
dimensional simulations is intended to mimic
the experiments conducted in the NASA’s 2.2-s
drop tower, in which a sample strip is heated
along its width by a radiative source. This study
differs from previous studies in that the strip is
ignited halfway along its length, giving rise to
two oppositely directed flames. This will be of
importance in the discussion of the transition
to flame spread. The radiative heat flux distri-
bution is assumed to be Gaussian with a pre-
scribed peak and half-width! which are typi-
cally on the order of 20 W/cm? and 0.25 cm,

'The half-width is taken as the distance from the center
point at which the flux drops to e its original strength.
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respectively, This sharp flux profile is intended
to mimic the experiments in which a pilot wire
is used to heat the sample. Variations of this
initial flux profile will be considered below.

The reflectivity of the sample is assumed to
be 0 and the emissivity is assumed to be 1. The
thickness of the cellulosic material used in the
present study is 0.0076 cm. Its initial density is
0.263 g/cm® and specific heat 1.26 J /(g - K). It
is assumed that this value of specific heat ap-
plies to the char and ash, as well. At time
t = 0, the entire system is at ambient tempera-
ture 300 K, the gas phase fuel mass fraction Y;
is zero, and the oxygen mass fraction and the
velocity of the external wind are prescribed.

The specific heat of the gas c,, the density
p, thermal conductivity &, and diffusivity D are
considered functions of the temperature 7,
and they are fitted by polynomial expressions.
We assume that the gas has the same proper-
ties as air. At ambient temperature, ¢, = 1.01
1/(g-K), p=119 x 107% g/cm?, k = 2.63 X
107* W/(cm-K), and D = 0.17 cm?/s. The
kinetic constants for the global gas phase oxi-
dation reaction are arbitrarily selected to be:
A =50x10° em’/(g-s), E = 6.7 x 10*
J/mol, AH, = 3.5 X 10* J/g, and v, = 3.57.
These values are slightly different than those
used in Ref. 9 in that the gas phase reaction
rate has been slightly increased. It has been
observed that the ignition and transition to
flame spread is very sensitive to the choice of
the gas phase reaction constants. The present
choice is guided by a desire to roughly match
flame spread rates with the experiments of
Olson [10] in 30% oxygen. However, the objec-
tive of the study is not necessarily to duplicate
quantitative experimental results exactly by
manipulating the model parameters, but rather
to deduce trends of the transient phenomena.
In fact, given the one-step Arrhenius reaction
rate for the gas-phase oxidation, Eq. 6, small
changes in flame temperature are amplified
according to the relation

oy ( E o) (12)
m;  \RT T

where 8T and &7, are small changes to these
quantities. The factor on the right is about 2.5
for temperatures near 1800 K. Furthermore,
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the degradation process of cellulose is ex-
tremely complex and the evolved degradation
product composition changes with temperature
[14]. Water is the major degradation product
initially, after which many small to large or-
ganic molecules are generated. Since a cellu-
losic material generates char having a carbon-
" rich structure, the elemental composition of its
degradation products changes with its temper-
. ature and mass fraction. On the other hand,
the elemental composition is nearly constant
for non-char-forming materials such as
polyethylene or polymethacrylate. Thus, any
attempt to “fine tune” the global, one-step
gas-phase reaction kinetic constants for the
transient heating of a cellulosic material is a
rather pointless exercise. Moreover, an exact
quantitative prediction of the transition from
ignition to flame spread over a cellulosic mate-
rial using a global one-step reaction scheme
based on the original elemental composition of
the cellulose is impossible. In the examples to
follow, we seek to show qualitative or at best
semiquantitative agreement between experi-
ment and numerical simulation.

The numerical algorithm used to solve the
above solid- and gas-phase reaction and evolu-
tion equations is described in Ref. 9. Briefly,
the three solid-phase degradation reactions are
written as a system of conservation equations
for mass, cellulose, char, and energy, and solved
using a stiff ordinary differential equation
solver. The equations for the gas-phase tem-
perature and species (2—4) are written in finite
difference form and solved with a simple time
splitting scheme in which it is assumed that the
oxidative reaction occurs over a small part of
the overall time step, and the convective and
diffusive terms are differenced and updated
with an ADI (Alternating Direction Implicit)
scheme. Equation 8 is solved using an efficient
Poisson solver. Boundary conditions for the
velocity potential at the open boundaries are
computed directly from the Greens function
formulation of the solution. Details may be
found in Ref. 9.

To resolve steep gradients in the direction
normal to the sample surface, the domain is
non-uniformly gridded in the normal direction.
Typically, cells near the surface are about
0.5-1.0 mm in the direction parallel to the
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surface and about 0.1-0.3 mm in the normal
direction. Calculations were done to ensure
that the results did not depend on grid cell size
or time step. Because three-dimensional calcu-
lations are presently being performed on grids
of comparable spacing, grid sensitivity studies
in two dimensions are extremely valuable be-
cause they indicate whether or not adequate
resolution is being maintained. Two-dimen-
sional calculations take only a few hours to
perform on an IBM RISC/6000 workstation,
while three-dimensional calculations of compa-
rable resolution can take tens of hours.

EXPERIMENTAL DESCRIPTION

A series of experiments was conducted in the
NASA Lewis Research Center’s 2.2-s Drop
Tower Combustion Tunnel apparatus (previ-
ously described in Ref. 16) to study the effects
of low-velocity flow on flame spread over ther-
mally thin solids, in this case tissue paper. To
obtain both upstream and downstream flame
front propagation simultaneously in a single
test, the fuel was centrally ignited by a straight
nichrome wire run across the full width, 7.5 cm
from each end. In this planar configuration the
downstream (concurrent) flame front could be
influenced by the upstream (opposed flow)
flame. Flows of 0, 2, or 5 cm/s were imposed
parallel to the length of the sample; molar
concentrations of oxygen were 21 or 30% in
N,. The fuel was a 5-cm-wide by 15-cm-long
cellulose sheet (Kimwipe) with an area density
of 1.998 X 107> g/cm? [10].

RESULTS AND DISCUSSION
External Wind Effects

In the two-dimensional configuration the ef-
fects of a slow external wind on the transition
and the flame spread are examined over a strip
which is ignited along its width. As a first
example, consider the radiant ignition of a
strip in an atmosphere of 30% oxygen. Figure
1 displays the evolution of the flame front
during the transition period for the case of an
imposed wind of 2 cm/s blowing from left to
right along the length of the strip (right se-
quence) and for the case of a quiescent envi-
ronment (left sequence). At 0.5 s after the
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0.5s

0.5 s

0

1

Fig. 1. A comparison of the transition period with and without an imposed wind. The
sequence on the left shows the generation of two flames in a quiescent environment,
while the sequence on the right is subjected to a 2 cm/s wind blowing from left to
right. The dashed lines indicate oxygen mass fraction, the solid lines indicate gas-phase
reaction rate for riz; = 107*5, 107 and 107** g/(cm’ - 5). The outer reaction contour
roughly corresponds to the visible flame. The ambient oxygen concentration is 30%.

imposition of the external radiation, both
flames take on an arch-like shape, and two
flame fronts emerge in each case. The quies-
cent flame is symmetric, the windblown flame
is slightly deflected downstream. At 1.0 s, the
gas phase reaction rate in the center part of
the quiescent flame decreases. However, for
the windblown flame, the downstream flame
front weakens as evidenced by the decreasing
gas phase reaction rate. At the same time, the
upstream flame front strengthens compared to
the quiescent counterpart. As time passes,
these trends continue. The downstream flame
front eventually disappears (i.e., the gas-phase
reaction rate drops below 107*° g/cm?® s) while

the upstream flame propagates into the wind
at a speed of 1.5 cm/s, faster than the quies-
cent counterpart (1.2 cm/s). The propagation
history of the two flame fronts for both cases is
shown in Fig. 2.

Snapshots of the drop tower experiment for
the windblown case are shown in Fig. 3. Al-
though ignition is not achieved symmetrically
with respect to a thin tissue paper (the left side
ignited earlier than the right side), nearly sym-
metric flames appear about 1.25 s later. At
about 1 s, the left side flame shows clearly two
blue color flame fronts; one toward the up-
stream and the other toward the downstream.
This left side flame is similar to the calculated
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flame shape at 0.5 s for the 2 cm /s wind case
in Fig. 1.2 In Fig. 3, the flame gradually spreads
along the sample and at about 1.5 s the down-
stream blue flame front becomes faint similar
to the windblown calculated results at 1 s. At
about 2 s in the experiment, the downstream
blue flame front has almost disappeared and
only a windblown sooty flame is visible. During
the short available test time of this particular
drop tower experiment, it is not clear if the
fading downstream flame front would continue
to propagate. Plans are underway to conduct
longer experiments in both longer drop towers
and aboard the Space Shuttle to determine
ultimate behavior of the two flame fronts. A
time history of the flame fronts for the experi-
ment is plotted in Fig. 4. The downstream
flame spread rate is defined here as being the
movement of the visible downstream flame tip.
The upstream windblown flame propagates at
about 2.1 cm/s whereas the quiescent flame
propagates at about 1.9 cm/s. The down-
stream windblown flame propagates more
slowly than the quiescent flame, and it is still
in the transition period at the end of the test.

It is important to understand why the up-
stream flame front appears to be stronger and
slightly faster than the quiescent flame front,
and why the downstream flame front appears
to be weaker than the quiescent flame front
and eventually is extinguished. The upstream

>The ignition times and external heat flux differ in the
experiment and simulation. The energy input from the
wire was not well-defined due to the transient change in
contact between the wire and the sample.
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Fig. 2. A comparison of the flame propagation pro-
files for simulations with external winds of 0 and 2
cm/s in 30% oxygen. The position of each flame
front is taken as the horizontal distance from the
ignition point to the point of maximum gas phase
reaction rate #;. The flame spread rate for the

3.0 quiescent flame is about 1.2 ¢cm/s whereas that for

the windblown case is about 1.5 cm/s.
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Fig. 4. Experimental flame propagation profile showing
the positions of the upstream and downstream flame fronts
in 30% oxygen for wind speeds of 0- and 2-cm /s wind. The
upstream flame in the 2-cm /s wind is spreading at a rate
of about 2.1 cm /s whereas the quiescent flame is spread-
ing at about 1.9 cm/s.

flame fronts for both the windblown and quies-
cent cases are shown in Fig. 5. Included in the
figure are contours of the oxygen mass fraction
Yo, The distribution of the oxygen contours
shows that the oxygen gradient in front of the
windblown flame is greater than that for the
quiescent flame. The windblown flame is about
twice as strong as the quiescent flame, as mea-
sured by the peak gas phase reaction rate 7.
Also, its maximum temperature is about 1780
K whereas the quiescent flame is about 1570
K. Furthermore, the windblown flame is closer
to the sample surface than the quiescent flame,
providing a greater conductive heat feedback
from the flame. The calculated peak feedback
rate for the windblown flame is about 3.5
W /cm?, whereas that for the quiescent flame
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Fig. 5. Closeup of the upstream flames fronts for simula-
tions with and without a 2-cm/s imposed wind. Included
are the reaction rate contours as above (solid lines), along
with the oxygen mass fraction (dashed lines). The ambient
oxygen concentration is 30%.

is about 2.5 W/cm?. It has been observed in
the experiments that the external wind tends
to increase the overall length of the flame and
reduce the flame standoff distance [16, 17].
Both these effects are observed in the numeri-
cal simulations as well.

The effect of a slow external wind on the
downstream flame front is more complex than
that for the upstream flame due to possible
interaction between the two flame fronts.
Therefore, numerical simulations were per-
formed in which the sample strip was heated at
one end and an external wind prescribed in the
same direction as the flame spread. This allows
us at first to understand the effect of the
external wind without any interference from an
upstream flame. Figure 6 displays the com-
puted oxygen mass fraction contours, along
with the gas phase reaction zones, of three
cases with winds of 0, 1 and 5 cm/s. The case
of no wind represents an opposed flow, be-
cause in flame fixed coordinates the flame en-
counters a flow equal to its spread rate. The
case of a 5-cm /s wind represents a concurrent
flow, because the wind speed is faster than the
spread rate. The 1 cm/s case is neither con-
current nor opposed because the wind speed is
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Fig. 6. Computed oxygen mass fraction (dashed lines) and
reaction rate (solid lines) for three single flame front
simulations. The ambient oxygen concentration is 30%,
and the flame shown occurs 4 s after the start of the
simulation.

about the same speed as the flame spread rate
(at least before the flame dies out). The transi-
tion from ignition to flame spread succeeds for
the 0- and 5-cm/s cases, but does not for the
1-cm/s case. A time history of the 1 cm/s case
is shown in Fig. 7. At 1 s, a relatively strong
flame front is observed but the flame becomes
progressively weaker with time. It is clear from
the oxygen contours why the 1 cm/s case ex-
tinguishes—the oxygen is unable to penetrate
the reaction zone in sufficient amount to main-
tain combustion. The flame exposed to a 5-
cm/s external wind is strengthened by in-
creased convective transport of oxygen due to
the wind, and by the preheating of the sample,
again due to the wind. The present model
contains no mechanism for gas-phase radiative
heating of the sample; thus it remains unclear
how important this effect would be in pre-
heating the sample compared to the convec-
tive /diffusive transport of heat.
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Fig. 7. Time history of a single flame propagating from left
to right with a wind of 1 cm/s moving in the same
direction. Shown are contours of gas-phase reaction rate
(solid lines) and oxygen mass fraction (dashed lines). The
reaction rate contours correspond to riz; = 10745, 1074,
and 10733 g/(cm® - 5). The ambient oxygen concentration
is 30%.
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About a dozen of these one-flame simula-
tions were performed for winds directed both
with and against the direction of flame spread.
The spread rate of each flame front (assuming
it survives the transition period) can be defined
in terms of a characteristic relative velocity
[16], which is the difference between the flame
front velocity and the wind velocity. For exam-
ple, a flame advancing into the wind has a
positive characteristic relative velocity which is
equal to the wind speed plus the flame speed.
This flame falls into the opposed flow regime.
On the other hand, a flame advancing in the
same direction as the wind can be either op-
posed or concurrent. If the wind speed is
greater than the flame speed, the flow is con-
current, and the c.r.v. is negative. If the wind
speed is less than the flame speed, the flow is
opposed, and the c.r.v. is positive. The calcu-
lated relationship between the characteristic
relative velocity and flame spread rate is shown
in Fig. 8. There is a range of c.r.v. in which
steady-state flame spread does not occur
(shaded area). The flame shown in Fig. 7 is a
good example of this regime. The width of this
band depends on the selected kinetic constants
for the gas-phase reaction. For example, a
lower heat of combustion or higher stoichio-
metric ratio would make the unsuccessful tran-
sition region wider. For values of c.r.v. greater

2.0 v r
o
o

)
~N 1.5F
£
A
o o
H1.0f
o
n
W [ —WIND-
9 .5¢ -
[T

0  CONCURRENT FLOW

-10 -8 -6 -4

_.2

2 4 6 B

RELATIVE VELOCITY (em/s)
Fig. 8. Comparison of flame speed for a single flame ignited at the end of the
sample strip versus the characteristic relative wind velocity, that is, the vector
difference of flame and wind velocity. The no-wind case is blackened. The shaded
zone indicates that steady-state flame spread is not achieved. The two types of
opposed flow shown by the diagrams to the right of the shaded region represent
relative velocities to the left and right of the no wind point.
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than about 0 cm/s (i.e., opposed flows), there
is an increase in flame spread rate with greater
opposed flow velocity until a maximum is
reached beyond which the spread rate de-
creases. For the concurrent flow regime to the
left of the band of unsuccessful c.r.v. values,
the flame spread rate increases steadily with
larger concurrent wind speeds.

The calculated trends shown in Fig. 8 agree
well with previous experimental results. Olson’s
experiments in 30% oxygen [16] show an in-
crease in flame spread rate with external wind
speed in the low-speed opposed flow regime,
topping off for wind speeds of about 3—4 cm/s.
Olson also reports an experiment in 30% oxy-
gen in which a wind is directed in the same
direction as the flame spread, and the wind
speed is slightly slower than the flame speed
(char. relative velocity is 0.1 cm/s). She notes
that the flame is very sooty, and propagates
more slowly than the opposed flow counter-
parts. The data of Grayson, et al. [20] indicate
that concurrent spread rates in air and at 30%
oxygen are slightly lower than the opposed flow
counterparts for relative velocities less than 5
cm/s. It is interesting to point out that the
calculated flame spread rate in the opposed
flow regime has a peak value without including
flame radiation. In Ref. 18, it is reported that
flame radiation is needed to obtain such a
trend in flame spread rate for a thermally thin
sample. It appears that her calculation did not
include wind velocities below 4.5 cm /s and did
not observe this trend. Also, the value of ab-
sorption coefficient of 10 m™' for the flame
used in her study appears to be exceedingly
large. More appropriate values are in the range
0.1-1.0 m~" [19].

The above results in 30% oxygen show that
when the sample strip is ignited at one end, the
transition from ignition to flame spread for
concurrent flames occurs except in a narrow
range where the wind and flame velocities are
nearly the same. However, when the strip is
ignited in the middle and two flame fronts
emerge, the downstream flame front always
tends to die out for atmospheres of 30% oxy-
gen and imposed winds less than 5 cm /s. These
results indicate the significant influence of an
“oxygen shadow” cast by the upstream flame
front on the downstream. Figure 9 shows the
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calculated contours of gas phase reaction rate
and oxygen concentration for the case of flames
ignited at the end and in the middle of the
sample strip. The oxygen concentration is 30%
and the wind speed is 2 cm/s. Initially, the
mid-strip flame is larger since there is more
fuel available. Even so, two flame fronts ap-
pear in both configurations, but in both cases,
the downstream flame fronts disappear. There-
fore, the “oxygen shadow” effect occurs in
both cases. It is interesting that in both cases
the upstream flame fronts are subjected to
steeper oxygen gradients and survive the tran-
sition, whereas the downstream fronts do not.
In fact, the mid-strip upstream flame (left) is
stronger than the concurrent flame which is
generated at the end of the strip (right), as
evidenced by the steeper oxygen gradient.

Since the supply of oxygen to the down-
stream flame front is critical, a higher ambient
oxygen concentration might increase the likeli-
hood of its survival. The behavior of the two
flame fronts during the transition period in
50% oxygen with 2 cm /s wind is shown in Fig.
10. (Note that the computational domain is
much larger than the area shown in this figure.)
Both upstream and downstream flame fronts
travel rapidly in opposite directions. The up-
stream flame is much stronger than the down-
stream flame (the peak gas phase reaction rate
for the upstream flame is at least one order of
magnitude larger than that of the downstream
flame) but flame spread rate is not significantly
different from each other. At 3 s, the down-
stream flame becomes very weak and further
continuation of the calculation shows that this
flame dies out. Although the exact limit of the
survival of the downstream flame depends on
the definition of flame and also on the selected
kinetic constants for the gas-phase reaction, it
is clear that the downstream flame tends to die
out due to the influence of the upstream flame
(the dilution by the combustion products and
consumption of oxygen) when the strip is ig-
nited in the middle.

Effect of Radiative Source on Ignition

Because a great emphasis of this work is on
transient effects, it is important to understand
how the mode of ignition influences the devel-
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Fig. 9. The sequence on the left shows the transition sequence for a mid-strip ignition
with an imposed wind of 2 cm/s. The sequence on the right shows the same case,
except that there is no fuel present to the left of the origin, i.c., the origin now
represents the end of the strip instead of the middle. The dashed lines indicate oxygen
mass fraction, the solid lines indicate the gas phase reaction rate as above. The

ambient oxygen concentration is 30%.

opment of the flame in the transition period.
Unfortunately, it is very difficult to study this
period experimentally, especially since most
flame spread experiments make use of a pilot
wire to ignite the sample, whereas in a numeri-
cal simulation it is more convenient to simply
prescribe a distributed heat flux at the sample
surface. To simulate the rapid ignition by a
pilot wire, a sharp radiative flux profile has
been used in the simulations discussed above.
This mode of ignition simulates piloted igni-
tion reasonably well because the delay time is
small and the flames quickly achieve steady-
state spread. However, it is possible to ignite
the sample with a less sharp profile and study
the effect on the transition period.

First, five unpiloted radiative ignition runs
were conducted in which the width of the
Gaussian radiative source was altered, but the
integrated heat flux was held constant. The
half-widths of the profiles varied from 0.25 cm
to 5 ecm. The results are summarized in Fig. 11.
Ignition is achieved most rapidly by a sharp
radiative flux distribution with a peak flux of 20
W /cm?. However, for a wider profile with lower
peak flux, the ignition delay time is longer, the
flame spread rate during the transition period
is increased, and it takes a longer time to
attain steady-state flame spread.

To show this, the distributions of gas phase
temperature and reaction rate near the irradi-
ated area are plotted shortly after ignition and
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Fig. 10. Transition sequence for a two-flame case with an imposed wind of 2 cm /s and an
ambient oxygen concentration of 50%. The dashed lines indicate oxygen mass fraction, the
solid lines indicate the gas phase reaction rate as above.

shown in Fig. 12. The figures show that an
increase in gas-phase temperature is limited to
slightly beyond the flame region for the sharp
profile. On the other hand, an increase in
gas-phase temperature for the wide profile ex-

tends well beyond the flame region, particu-
larly along the sample surface ahead of the
flame front. The surface temperature of the
preheated sample is not high enough to initiate
thermal degradation of the sample, and the
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Fig. 11. Flame spread profiles for various radiative source distributions, all of which have
the same integrated heat flux. The ambient oxygen concentration is 30%; there is no

external wind.
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Fig. 12. The reaction zones and temperature fields for two simulations of different
radiant flux distributions. The left-hand flame is generated by an initial radiative flux
with a peak of 20 W /cm? and half-width of 0.25 cm. The flux for the right-hand flame
has a peak of 2.5 W /cm? and half-width of 2.0 ¢cm. The flux distribution in both cases
is centered about the origin x = 0, and the flame front is symmetric about this point
for the no-wind case. The solid contours refer to the logarithm (base 10) of the
reaction rate rir; (shown here —4.5, —4.0, —3.5) and the dashed contours to

temperature in degrees Kelvin.

ignition is delayed. When ignition does take
place, a large area of the sample is preheated.
It has been pointed out by Bhattacharjee et al.
[7] that for low-speed flame spread heat loss in
front of the flame has a significant impact on
the steady-state spread rate. They note that
more preheating of the sample surface in front
of the flame causes an increase in flame speed
and a widening of the overall flame. This is
consistent with the observations of the calcu-
lated transient flames discussed above. Thus,
the high flame spread rate during the transi-
tion period for the sample ignited with the
wide profile is due to preheating of the sample
surface. Eventually, however, the flame front
passes over the preheated area and slows down

to a flame speed equal to that of a flame
ignited by a sharp flux profile.

As a further check on the effect of the
source strength and distribution, several runs
were made holding the peak flux constant and
varying the half-width; and several runs were
made holding the half-width constant and vary-
ing the peak flux. For the case of fixed peak
flux, the ignition delay time is about the same
for each run, but the broader source serves to
preheat a greater area of the sample and the
flame front spreads faster during the transition
period just after ignition. For the case of fixed
half-width, the ignition time is determined pri-
marily by the peak flux, but the peak flux does
not significantly affect the transition process
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since there is no difference in the preheat
zone. When subjected to an imposed wind of 2
cm /s, the downstream flame front initiated by
ignition with a sharp flux profile dies out in
30% oxygen as shown above. With the wider
flux profile, the downstream flame front travels
farther and survives longer, but it eventually
dies when it reaches the end of the preheat
zone. The preheating of the sample is not
enough to overcome the effect of the “oxygen
shadow” cast by the upstream flame.

CONCLUSION

The numerical model outlined in this paper
has been useful in making qualitative predic-
tions of transient behavior of ignition and tran-
sition to flame spread. Hopefully, a better
understanding of the gas phase reaction mech-
anism will enable quantitative predictions, as
well.

When localized ignition is initiated in the
middle of the sample strip in the presence of
an imposed wind, the upstream flame front
(opposed mode) is stronger and faster than the
quiescent counterpart due to a greater supply
of oxygen to the flame front. However, the
downstream flame front (concurrent mode)
tends to die. For all cases studied in this work
with the given gas-phase kinetics, the down-
stream flame front dies out during the transi-
tion period in oxygen concentrations up to
50% and wind velocities up to 5 cm/s. The
“oxygen shadow” cast by the upstream flame
front is largely responsible for this. The same
effect also applies to a flame originating at the
upstream end of a sample strip. Whether the
flame propagates in opposed or concurrent
mode depends on which flame front becomes
anchored during the transition period. For a
narrow range of wind velocities, neither front
will become anchored, in which case neither
front survives the transition. In this case, the
wind speed and flame spread rate are nearly
the same, and the oxygen supply to the flame is
greatly reduced, as evidenced by the small oxy-
gen gradients normal to the flame front. The
range of relative velocity in which a flame
originating at the end of the strip does not
survive the transition depends on the selected
kinetic constants of the global one-step gas
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phase reaction and oxygen concentration. A
higher stoichiometric coefficient or lower oxy-
gen concentration tends to widen the range.

The transition from ignition to flame spread
when ignition is initiated by a sharp, narrow
flux distribution is relatively short, comparable
to a piloted ignition, whereas the ignition is
delayed and the transition period is longer
when the radiative profile is wider and the
peak flux lower. The transient flame spread
rate is greater during this transition period due
to the preheating of the sample ahead of the
flame front. Therefore, the flame front in the
latter case extends farther than that in the
former case at comparable times from ignition.
The ignition delay time depends mainly on the
peak flux, whereas the transition time to steady
state flame spread depends mainly on the
broadness of the flux distribution. The broader
the radiative flux distribution, the greater the
delay to steady flame spread. A very sharp
radiative flux distribution acts similarly to a
pilot source, producing a steady state flame
relatively quickly. In general, the mode of igni-
tion has little, if any, effect on the final steady
state flame spread assuming, of course, that
the transition to flame spread occurs.

This study is supported by the NASA Micro-
gravity Science Program under the Inter-Agency
Agreement No. C-32001-R. The technical moni-
tor of this study is Ms. Sandra Olson at Lewis
Research Center.
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