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Influence of Two-Dimensional Gas
Phase Radiation on Downward Flame
Spread

TZUNG-HSIEN LIN and CHIUN-HSUN CHEN'

Department of Mechanical Engineering National Chiao Tung University Hsinchu,
Taiwan 30050 R.O.C.

{Received May 11, 1998; Revised December 01, 1998)

This work investigates how radiation heat transfer influences downward flame spread by presenting a
gas phase radiation model, described by a two dimensional P-1 approximation methed, to incorperate
with the combustion model of Duh and Chen (1991). The parametric study is based on the variation
of gravity, which changes the Damkohler number (Da) and radiation to conduction parameter (1/N_.)
simultaneously. Comparing the results with the previous studies of Duh and Chen (1991) and Chen
and Cheng (1994). which only considered the radiation effect in cross stream direction, the role of
stream-wise radiation was identified. The stream-wise radiation contributes to reinforce the forward
heat transfer rate subsequently increasing the flame spread rate. However, this model also provides
more directional radiation loss than that of Chen and Cheng (1994) and, in doing so, draws more
energy out from the flame to further reduce its strength. The results indicates that the effect of heat
loss is greater than that of enhancing the upstream heat transfer since the flame spread rate in the
present model is always lower than the one predicted by Duh and Chen (1991). Finally, a contour of
the Planck mean absorption coefficient distribution is illustrated to demonstrate the effectiveness of
gas radiation distribution. It reveals that the strongest radiation occurs near the pyrolyzing surface
and the other significant one is in the plume region. A comparisons with available experimental data
also given to evaluate the ability of predict in the present combustion model.

Keywords: downward flame spread; gas phase radiation

INTRODUCTION

This work investigates how radiation influences the downward flame spread
behaviors aver a thermally thin solid fuel. This work extends the results of our
previous study (Chen and Cheng, 1994), which only considered the radiation in
cross-stream direction. The stream-wise radiation is naturally added in this
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extended work to complete the combustion model. From this model, we can
more thoroughly understand the contribution of stream-wise radiation to the pre-
heating of upstream virgin solid fuel in addition to the forward heat conduction
in gas phase by comparing with the results in previous work.

Bhattacharjee et al. (1988) theoretically investigated for the first time how
radiative heat transfer influences the flame spread. Those investigators inverted
the problem by using the measured surface temperature to obtain the net heat
flux from gas to solid. Experimental results were compared with those obtained
frem theoretical analysis, which neglected all of the radiation effects. Scale anal-
ysis indicated that surface radiation may be as important as conduction under a
variety of conditions and does not necessarily exist only when the gas-phase
velocity is smaller than the flame spread rate. In a related work, Olson et al.
(1988) considered the opposed flow diffusion flame spread over a thermally thin
cellulose fuel in quiescent and slow forced-flow regimes under microgravity
condition. Their results indicated that flame behavior heavily relies on the mag-
nitude of relative velocity between the flame and the atmosphere. That investiga-
tion further demonstrated that a high velocity blowoff limit and a low velocity
extinction limit exist in a low oxygen concentration environment. Consequently,
they developed a flammability boundary consisting of a blowoff and quench
branches. Finally, those investigators concluded not only that the flame spread
near the quench limit appears to be affected by heat loss from the flame, but also
that the use of a Damkohler number alone in the flame spread correlation is inad-
equate in the low velocity regime. To complete the flame spread date for the
entire range of opposed flow velocities and oxygen concentrations, Olson (1991)
extended the opposed flow regime in microgravity to a higher velocity one.

In an earlier work, Bhattacharjee and Altenkirch (1990) investigated both the
gas-phase and solid-phase radiation heat transfer effects on opposed flow spread
over a thin solid fuel theoretically. Those investigators also predicted a radiation
extinction limit, i.e. the same as that defined in Olson et al. (1988) and Olson
(1991), in the low-velocity forced flow region. They concluded that the flame
spread rate is higher when the fuel is subjected to the gas-phase radiation than
when it is subjected to the solid-surface radiation only. Later, Bhattacharjee and
Altenkirch (1991,1992) investigated how solid-surface radiation loss influences
the thin fuel in a quiescent environment. According to their results, the rate of
radiative heat losses from the flame and/or the surface increases with a lowering
of the flow velocity, eventually leading to an extinction.

Duh and Chen (1993} included the surface radiative loss in their combustion
model. Results obtained from their model indicated that both the flame strength
and the spread rate decrease with a decrease of gravity level; an extinction limit
was predicted as well. While considering both the gas-phase and surface radia-
tive loss, Chen and Cheng (1994) described the gas-phase radiation by using a
two-flux method in the cross-stream direction only. Numerical results revealed
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FIGURE 1 Schematic of flame over a thin fuel

that a quenching limit exists in the low gravity regime, which is inaccessible if
radiation is neglected. Also this quenching limit can be sustained at a higher
flame spread rate than that when merely considering surface radiative loss.

In light of above developments, this work not only investigates how radiation
influences the flame spread behaviors, but also investigates how the stream-wise
radiation affects the spreading flame by comparing with the corresponding flame
structures obtained by the works of Duh and Chen (1991), Chen and Cheng
(1994). To achieve those objectives, this work incorporates a radiation model
including both the cross-stream and stream-wise gas-phase radiation coupled
with solid-phase radiation with the combustion model of Duh and Chen (1991).
The radiation model proposed herein allows us to identify the controlling mecha-
nisms in different gravity regimes.
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MATHEMATICAL MODEL

Figure | schematically depicts the configuration of downward flame spread over
thin fuel. Both cross-stream and stream-wise gas radiation are simultaneously
considered in the flame. For brevity, the development of mathematical model and
it normalization procedure are omitted here. Details they can be found in Chen
and Cheng (1994). Herein, we only describe the two-dimensional radiation
model in detail, as given later. Table I summarizes the nondimensional gas phase
governing equations. For momentum and species equations, their boundary con-
ditions are a follows:

at x=Xpipn u=Vsy, v=0 T=1 Ye=Yec=Yu=0, Yg =1 (1)

du _9v _IT _p _IYE _IYc _ dYm

at x = -_— = = =
BRT Xmax By T Ox | ox Jx Ix dx Ox 0 (@)
aty =0, for Xuin< x <0 u=Vg, T,=Ts, ml=p,Vu
IYp
my = (pv¥Y - K .
w = (¥l Pr-VGrLe 0y |,
Yy}
w'Yr = i —0 , i=CH 3
Ow ™ pr.vGrLe Oy w 3)
aY;
m"Y;, = S B S |
’ Pr-vGrLe 9y |,
du 0T 9Yp dYSF 0Yc oYy
aty =10, N —_—=v=(=——= = = -
ity =0, for 0 <x <Xy 3y v=0 3y~ Oy By oy 3y
(4)
aby = au—&=0,T=1,YF=YC=YH=0=Y$=1 (5)

Yinax 5 - ay

The radiation terms appearing in energy equation (Table I), ¢ and dy, are
described by a two-dimensional P-1 approximation, which resembles that in Lau-
riat (1982). The P-N approximation assumes that the angular distribution of radi-
ation intensity in a medium can be approximated by a finite series of spherical
harmonics. By taking moments of the transfer equations and boundary condi-
tions, all of the governing differential integral equations can be transformed into
a set of partial differential equations. This approximation is appropriate for ana-
lyzing two and three dimensional problems. Exampies can be found in Ratzel
and Howell (1983) and Menguc and Viskanta (1984). Such an approximation
does not require rotating this coordinates. Therefore, it is more feasible than that



Downloaded by [National Chiao Tung University ] at 03:55 28 April 2014

INFLUENCE OF RADIATION ON FLAME SPREAD 87

of the four-flux approximation, in which the coordinates must be rotated 45°. By
using P-1 approximation for the rectangular enclosure, the zeroth moment P.D.E.
can be obtained in a dimensionless form as follows:

NPy | Ol

. +a 7= —3K2 (T*-L) (6)

where Iy denotes the zeroth moment of radiation intensity, and K, represents the
dimensionless Planck mean absorption coefficient, which is discussed later.
Equation (6) is subjected to the following boundary conditions:

1. at x = xmin

2. at X = Xmax

3.8ty = Yiax

4.aty=0, X3, x50

S.aty=0,0<x < x4

Once the zeroth moment of radiation intensity, Iy, is obtained, then the gas
phase radiation heat flux can be calculated from the following equations:

.1 L

% = 73K, Ox (7)
1

qQy = 3K, 9y (8)

By using Eqgs. (6), (7) and (8), the energy equation can be rewritten as

T+ OT_ 1 [a( a'r)+a OV - Ko o,
P oy~ Pr VG 0% ay\"ay )] TP TN 0

(9)
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where I/N,, is the radiation to conduction parameter and K, denotes the Planck
mean absorption coefficient. The definitions of N, and Kp can be expressed as

v, K- (Twf3)

lo = M
® F.ar, 7T,
K, =K,-§ (10)

where N, represents a ratio of the conduction heat flux to radiation heat flux and K,
is a function of the temperature and camposition of the mixture. The major contribu-
tors to thermal radiation are water vapor and carbon dioxide. Therefore, the general
expression for the Planck mean coefficient K, for the mixture can be written as

K, = X(CO2) ‘K, (CO2) +X (Hz0) - K, (H20) (11)
where X denotes the molar fraction. T’ien (1968) plotted the values of Kp for

each species as a function of temperature. Notably, K, decreases with an increase
of temperature.

TABLE I Gas Phase Governing Equalion

Zlug)+ & over={£(r§2)+& (T 52)]+s

Equation -] r S

Continuity 1
x-Momentum u T - 45, 4 £mce

Gr Pog =ef
y-Momentum v L -%4s

Gr Y v
Energy T i -qwr - g (Vq)
Fuel Y 7g=_ A

E P Gr-Le wF

Carbon dioxide Yc m_ —fc-&p

G
Cxidizer vt for it
o 7hcr o Wr

Water vapor Yy W‘ﬁ —fy g
e t-Le

where

=& (A )+ & (H8) -1 & (& 5)
=& (F &)+ &(E8) -5 (H8)

wr=-Da-p’Yr Y exp(—E/T)

d;:.':—Da"'vp’YpY; exp(—E/T)
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The solid-phase governing equations for energy and mass conservation are as
follows:

Energy balance equation:

dT, T,  pu 9T 1 . 1 9l
psvfg—ﬂs 2 TP v/Cr By ; __'TNoo € (1 - Ts) + ﬁ W .
+m, - [L+ (1 - ¢) (Te-1)) (12)

The first two terms on RHS in the above equation represent the contributions
from the surface conduction flux and the radiation flux, respectively.

Mass balance equation:

" d
m, = —Vi=2 = A,
dx

. Ps—Ps f .

PPl exp (~Eo/T,) (13)

8,f
According to the mass balance in Eq. (11), the flame spread rate is related to
the integral of the nondimensional surface mass flux distribution as

1 1}
Vi= —-— f m, dx 14
f (1 - Ps,f) -0 ° ( )

The integral is numerically evaluated point by point via the distribution of
mass flux.

Herein, the system of nonlinear, coupled partial differential equations is
numerically solved. The model is approximated by an algebraic system using the
finite difference scheme based on the SIMPLEC algorithm (Van Doormaal and
Raithby, 1984). The computation was performed out on an SGI Indigo 2 work-
station at National Chiao Tung University.

RESULTS AND DISCUSSION

The solid fuel is referred to as a paper towel, a monomer cellulose material,
CeH Os. Table II lists all of ‘the physical properties in gas and solid phase.
These properties are basically the same as those used in Duh and Chen (1991)
and Chen and Cheng (1994), allowing us to make a proper comparison later. The
thermodynamic properties in the gas phase are evaluated at reference tempera-

ture (T ). Table II lists the dimensionless parameters derived from the normal-
ization procedure through the governing systems. Among these parameters, the
most important ones are the Damkohler number (Da) and radiation to conduction
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parameter (1/N_), which was mentioned in energy equation, Eq. (9), and dis-
cussed later. The parametric study is based on the variation of gravity, which
changes Da and 1/N,, simultaneously. Next, the computation is performed from

the quenching limit (g=0.022) to the blowoff limit (g=4.5) under the specified
ambient oxygen concentration, Yq ,=0.233. Table IV lists the numericai results.

TABLE II Gas and Solid Property Values

Symbol Unit Value Reference
o glem’ f(Yg o) NBS (1955)
& Wiem-K f(Y0.00) NBS (1955)
ol gfem-sec f(Yg ) NBS (1955)
T, JigK (Y00 NBS (1955)
T Jimole-k 8.314 NBS (1955)
T, K 723 Hirano et. al. (1974)
T K 298 Duh and Chen (1991)
¥ cm 1.0% 1072 Frey and T'ien (1977)
T, K (Y0 w) Altenkirch (1980)
g g 1.674 x 10% Altenkirch (1980)
T Jg 753 Altenkirch (1980)
6.‘ Vg K 1.260 Altenkirch (1980)
Paco glcm3 0.650 Frey and T ien (1977)
Y0 - 0.233 Altenkirch (1980)
T J/mole 1.325 x 10° Chen (1990)
B cm*fmole-sec 1.578 x 102 Chen (1990)
k W/em-K 1.255 % 1073 Frey and T"ien (1977)
E, Jmole 1.398 x 10° Lewellen et. al. (1977)
" I/sec 0.679 x 10'° Lewellen et. al. (1977)

[ - 0.92 Hirano et. al. (1974)
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TABLE I1I Nondimensicnal Parameters

Symbal Parameter group Value
Pr v/a 0.702
Gr R A 2028
Le /D 1.000
Da Yo o BpE /Vf vanable
C g,/ f(Y g o)
Y T /Teo f(Yo.)
T, Ty /Ton 2.426
E E/RTw 54.576
q 4/C,Ton 45224
T 7Cupr Ve /K variable
Psr Bt/ 0.070
ks /i 0.783
L L/C.Tw -2.012
A _.E'/V: variable
E, B, /AT e 56.433
Neo pavl /ﬁ‘; " variable

Figure 2 displays the flame spread rate (Vs) as a function of gravity level. To
further understand how stream-wise radiation contributes to the spreading flame,
three cases are presented: (a) no radiation, (b) 1-D gas-phase coupled with
solid-phase radiation (Chen and Cheng, 1994), and (¢) 2-D gas-phase with
solid-phase radiation (present study).

For case (a), the results are exactly the same as those reported in Duh and
Chen(1991). According to their investigation, the nondimensional flame spread
rate (Vy), without considering the radiation effect, is proportional to Da, ie.,

J— —_—1 e i
Vi~V ~(8) 13 Increasing the strength of buoyant flow by increasing the
gravity level reduces the penetration of forward heat conduction, subsequently
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FIGURE 2 Flame spread rate (V) versus gravity level (g)

producing a lower flame spread rate. As the limit, g=5.3, is reached, the flame
blows off, This occurrence is commonly referred to as the flame stretch effect,
which can be indicated by Da sole. However, the predicted behavior in the
low-gravity regime, where the flame becomes stronger, contradicts what was
observed in the drop-tower experiments. This contradiction is owing to that no
other heat losses, e.g. radiation loss, are considered in that combustion model.
According to cases (b) and (c) in Fig. 2, incorporating radiation affects the pro-
file of flame spread rate. It shows that the flame spread rate is lowered as the
flame is subjected to radiation. However, the blowoff limits for both radiation
cases become less {g =4.3 for case (b) and g = 4.5 for case {c)). In the regime
of g 2 0.04 or 0.05, the radiation influence seems not too substantial. The trend
of flame spread rate is still retained and increases with a decrease of gravity;
however, the discrepancy from the one without radiation (case (a)) becomes
greater and greater. This phenomenon indicates that forward heat transfer, or
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Damkohler number (Da), still takes control on the flame behaviors; however, the
radiation effect (1/N_,) gradually appears as the gravity level becomes lower. The
maximal values of flame spread rate for cases (b) and (c) are 0.3578 cm/s at g =
0.04 and 0.3681 cm/s at g = 0.05, respectively. Thereafter, the flame spread rate
for both cases starts to decrease rather than increase and dramatically decreases
as the gravity is further reduced, indicating that the radiation influence becomes
dominant, Finally, extinction occurs when each limiting gravity is reached.

TABLE IV Parametric Study (Effect of Changing Gravity Level)

7 v, 7 /N, Da
g

{em/s) (cm/s) (cm) (1073 (10'%)
0.022 0.3129 7.094 0.4949 75472 2.5660
0.030 0.3360 7.867 0.4463 6.8120 2.0873
0.040 0.3604 8.659 0.4055 6.1805 1.7232
0.050 0.3681 9327 0.3764 5.7405 1.4850
0.060 0.3676 9912 0.1542 5.3996 1.3152
0.100 0.3259 11.751 0.2987 4.5600 0.9353
0.150 0.2966 13.452 0.2610 3.9793 0.7138
0.200 0.2729 14.806 0.2371 3,6206 0.5892
0.500 0.2068 20.095 0.1747 2.6603 0.3199
1,000 0.1621 25318 0.1387 2.1101 0.2015
2.000 0.1282 31.899 0.1101 1.6801 0.1269
3.000 0.1089 36.515 0.0961 1.4699 0.0960
4.000 0.0934 40.190 0.0874 1.3300 0.0780
4.500 0.0814 41.800 0.0840 1.2799 0.0736

In the present model, two competing mechanisms exist for spreading flame
which are forward heat conduction and radiation in gas phase, respectively. It can
be referred to Eq. (9) as well. The gas phase radiation model is two-dimensional
in this combustion model, and it has two kinds of contributions. One is to reduce
the flame strength by losing heat to the ambient. The other one is that the heat
loss from the flame joins the upstream conduction to reinforce the total forward
heat transfer rate and the subsequent preheating of upstream virgin fuel to
increase the flame spread rate. The latter effect, i.e. the stream-wise radiation
heat transfer, could not be described in the model of Chen and Cheng (1994);
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case {b). Figure 2 reveals that the flame spread rate in the present model (case
(c)) is always lower than that in case (a). This finding suggests that the effect of
losing heat from the flame caused by radiation apparently is greater than the one
which contributes to the forward heat transfer. On the other hand, except for
around g = 0.02, the flame spread rate in the present case is always greater than
that in case (b), implying that the contribution of radiation in forward heat trans-
fer shows up. The propagating flame in the present model can be survivedup to g
= (.022, whereas it can be sustained further up to g = 0.012 in case (b). This find-
ing indicates that heat loss due to radiation becomes dominant in the very low
gravity (or microgravity) regime. Therefore, we can conclude that the radiation
heat transfer significantly influences the microgravity combustion phenomena.

From a mathematical perspective, Eq. (9) reveals that the nondimensional
energy equation consists of four terms: convection, conduction, heat generation
and radiation, respectively. The heat generation is a source term, whereas the
radiation is a heat loss one. Since the equation has been normalized, their relative
orders of magnitude are determined by the corresponding parameters appearing
just ahead of themselves. Physically, Damkohler number, Da, represents a ratio
of flow residence time to chemical reaction time, and radiation to conduction
parameter, K,/N,,, represents the ratio of radiation heat flux to conduction heat
flux. As mentioned earlier, KP itself, the nondimensional Planck mean absorption
coefficient, is not prescribed in advance but provided as a part of solution. A rep-
resentative profile will be given later in Fig. 7. According to this definition, Da is
proportional to (g)'y3 and 1/N,_, is (g)'”3, indicating that they are coupled
together. By incorporating with Eq. (9), the larger the Da implies a stronger
flame; its spread rate is expected to be faster. On the other hand, the larger the
I/N,, implies that the flame loses more heat to ambient and becomes weaker;
however, it implicitly leads to a stronger forward heat transfer, as mentioned ear-
lier. Table IV lists the values of Da and 1/N,, as a function of gravity.

At a higher gravity level, such as g = 2, although Da heavily influences the
flame structure, the influence of 1/N_, is only slight, as confirmed by Fig. 2
where the three profiles are nearly coincident. As the gravity level becomes
lower, Da is increased, indicating that the flame becomes stronger. However,
I/N,, is also increased , thereby intensifying the radiation heat loss. These two
competing effects result in a lower flame spread rate, but still with an ascending
trend. Up to a certain gravity, such as g = 0.05 in the present-model is reached,
the effect of 1/N,, completely outweighs that of Da. Thereafter, the flame spread
rate decreases with a decrement of gravity. Finally, the flame can no longer sur-
vive in an extremely low gravity level, such as g < 0.022 in the present model.

To illustrate the radiation influence in a low gravity environment, Fig. 3 plots
three flame structures selected at g = 0.03, near the extinction limit in the present
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FIGURE 3 Isotherm and velocity distributions (g=0.03, Yg. =0.233) (a) No radiation.
(b) One-dimensional mode] radiation. (¢} Tow-dimensional model radiation

case, which is a combination of gas phase isotherms and velocity vector distribu-
tions. Herein, we designate the area enclosed by isotherm T=5 (or 1200°C
dimensionally) as the flame zone, similar to the flame appearance of the
Schlieren photographs taken by Duh (1992). For case (a), the flame has the larg-
est flame size and highest flame temperature among the three cases. This finding
suggests that it is the strongest flame. This is expected because no heat loss is
considered in this case. The flame zone in case (b) is the smallest and the flame
temperature is the lowest. This event implies that the radiation effect contributes
primarily to heat loss; there is no contribution to forward heat transfer at all. The
following discussion confirms this assumption. Also, according to our results,
the flame zone encloses the burnout point completely whereas the flame zones in
the radiation cases only exist on the side of fuel plate. This phenomenon, i.e. the
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flame tail is open and does not enclose the burnout point, was observed in micro-
gravity experiments by Vedha-Nayagan and Altenkirch (1986) and Olson (1988),
respectively.

The flame in case (c) is stronger and has a larger flame size than that in case
(b). Also, the flame front of case (c) appears to extend the furthest upstream
among these three spreading flames, as confirmed in Figs. 5 and 6. From above
discussion, we can infer that gas radiation in the stream-wise direction can trans-
fer heat efficiently to both upstream and downstream directions in addition to the
cross-stream direction. Consequently, it enhances the forward preheat effect,
thereby increasing the strength of flame. Similarly, stream-wise radiation can
further extend the combustion and thermal plumes in the downstream. However,
the contribution to forward heat transfer apparently is less than that of heat loss
to ambient. Therefore, the strength of flame in case {c) decays more dramatically
and reaches a quenching limit more quickly as gravity is further lowered.

4.0 i
| No Radiation | |
|—-— 1-D Radiation .
! Lo

30 - | —--— 2-D Radiation
—rrer—— —

T, 20

i
i
1.0 1|
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FIGURE 5 Solid fuet temperature distributions. (g=0.03, Y¢ .,=0.233)

Figure 4 shows the wall heat flux distributions for the conduction, the net radi-
ation, and the summation of the last two in low gravity (g=0.03). In Fig. 4(a), no
radiation case has the maximal conduction and total heat flux due to the strongest
flame structure. The 2-D radiation model has a larger conduction heat transfer
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into wall than the 1-D radiation model since its flame zone is larger and closer to
the surface. According to Fig. 4(b), 2-D radiation model has a greater amount of
net radiative heat loss in the pyrolysis zone, initiated from x = —15 to burnout
point x = (. It implies that the radiative heat loss from surface is much greater
than that gained from the flame. This is despite the fact that case (b) has a similar
trend but not so severe. Fig. 4 (¢) displays the total heat flux distributions for
these three flames. [nterestingly, for both radiative cases, the portions behind the
spikes are nearly flat, particularly for the 2-D model with a value of approxi-
malely zero. These distributions markedly differ from those for the case without
radiative effect. Figure 3 also confirms that the flame zone (T = 5) ceases ahead
of burnout point in the radiation cases. Bhattacharjee and Altenkirch (1991)
observed this phenomenon, for the first time, in drop-tower experiment. Actu-
ally, a similar prediction appeared in an earlier work (Bhattacharjee and Alten-
kirch, 1691), while applying a simple gas-radiation approximation to a spreading
flame model.

No Radiation
—-— 1-D Radiation

——— 2.0 Radiation‘\ ;

Ps

FIGURE 6 Sclid fuel density distributions. (g=0.03, Y .,=0.233)

Figure 5 depicts the surface temperature distribution along the fuel surface for
these three cases. As mentioned earlier, the burnout point is located at x = 0 and
the pyrolysis front commences from the position, where local solid density,
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Pe, =0.99, as shown in Fig. 6. According to this figure, the preheating of
upstream virgin fuel occurs earlier for both radiation cases. As expected, it
occurs furthest upstream for case (¢). In the pyrolysis region, the surface temper-
ature for no-radiation case is maintained constant along with the pyrolysis tem-
perature. For the other two cases, the constant surface temperature region only
exits around the flame front area and, then, gradually decreases towards the burn-
out point. This finding suggests that the surface radiation loss becomes signifi-
cant in the downstream of flame front since the flame is shifted away from the
surface, as indicated in Fig. 3. The present model has the lowest values in surface
temperature and constant surface temperature area because it is subjected to the
lowest lotal heat flux.

Figure 6 depicts the solid fuel density distributions. These three curves monot-
onically decreases from pyrolysis front to burnout point. Radiation does not
appear to markedly affect the profiles since the solid density is sole determined
by surface temperature. However, the solid density for the present model starts to
become greater than the one in case (b) around x = —13. This tendency is owing
to that the surface temperature in former case is lower than the one in the latter
case. As mentioned earlier in the previous figures, the pyrolysis front for the
present case is located furthest upstream due to the stream-wise radiation effect.
Ir also indicates that the corresponding flame has the longest pyrolysis length.

Figure 7 shows the distribution of nondimensional Planck mean coefficient
(Kp) forg = 0.03. This figure serves as an indicator of the gas phase radiation
source distribution. Recall that KP is not prescribed, but provided as a part of
solution since it is a function of the temperature and the concentrations of com-
bustion products, such as carbon dioxide (CO,) and water vapor (H,0); see Eq.
(L1). However, as mentioned earlier, the dimensional value of Kp for each spe-
cies decreases with an increase of temperature (Tien, 1968). According to this
figure, the value of K outside the flame is quite small since the concentrations of
CO, and H,O are of trace amount in the ambient. Near the fuel plate, the amount
of CO, and H,O are somewhat significant and the temperature 1s not too high.
Therefore, the highest K, occurs over there. Chen and Chang (1996) observed
the same behavior. That study numerically investigated the counterflow diffusion
flame subjected to the gas-phase radiation. In the thermal plume in far down-
stream of burnout point, there exists a significant KP zone (=0.014). This zone is
because both the CO, and H,O are convected from upstream reaction zone to
downstream and the local temperature is lowered due to the mixing with ambient
cold air. This contributes to elongate the thermal plume, consequently, it is longer
than the one in Fig. 3(b). Finally, the maximal dimensional value of Ep (corre-
sponding to K, = 0.026) is 0.058 I/cm, thereby ensuring that the requirement for
the optically-thin assumption holds.
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FIGURE 7 Nondimensional Planck mean absorption ceefficient distribution. (g=0.03, Y ., =0.233)

As mentioned earlier, many important features of 2-D radiation model have
been pointed out. The radiation model used in this work is a four-flux model,
which considers radiative heat transfer in both cross-stream and stream-wise
direction. In a real situation, radiation is a multi-dimensional phenomenen. The
stream-wise radiation transfers extra energy from the flame to join in the forward
heat conduction to increase the flame spread rate. Meanwhile, the drawing out of
energy by radiation reduces the flame itself strength, resulting in a slower spread-
ing flame. Exactly how these two competing mechanisms interact with each
other and, then, determire the flame behavior has already been discussed.
Finally, the pioneering work of Bhattacharjee and Altenkirch (1990) is worth
mentioning, which applied an emission model to describe the gas phase radiation
heat transfer. The radiation term appeared in energy equation is 4a, o(T-T. 4,
which is a phenomenological approach. It treats the flame as a gas layer without
including the radiation contribution from the solid surface. Also, the formula for
obtaining a, may be inappropriate because it is a function of local temperature
but not of ambient temperature. Although these shortcomings might lead to
incorrect quantitative results, this study predicts (for the first time) the qualitative
trend in microgravity spreading flame.

Comparisons with Experiments

Figure 2 summarizes some of the available experimental data as well. Such data
are adopted from Altenkirch et. al.,, (1980), Olson et al. (1988), Olson (1991),
and Sacksteder and T’ien (1994). The fact that the solid fue] thickness and den-
sity used in the natural-covective experiments are differ from those used herein
accounts for why the measured flame spread rates are modified by their respec-
tive area densities to compare with the ones predicted herein. Olson et. al. (1988)
and Olson (1991) adopted the same treatment because, for a thin fuel, de Ris
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(1969) contended that the flame spread rate varies inversely with area density.
For comparison with flame spread results under the forced convection environ-
ment, Olson (1991) suggested that the characteristic velocities used in forced
convection experiments correspond to the ones obtained from natural convection
environments using a buoyant velocity, Vy, = (o g(T‘—T‘,‘,)fl"‘,‘,)”3 to deduce the
specific gravity level, corresponding to that of forced flow velocity.

Comparing prediction and measurement results reveals that the quatitative
trends in flame spread rate for both cases correlate with each other. Restated, in
addition to having the non-monotonic trend of flame spread with the gravity
level, both cases have a high gravity blowoff limit as well as a quench limit in
low gravity. In the elevated gravity regime, g>1.0, the predicted spread rates cor-
relate well with the experimental data of Altenkirch et. al. (1980); the critical
gravities of blowoff limits are extremely close to each other as well. At normal
gravity, the predicted results confer with the measurement results of Olson et al.
(1988) and Altenkirch et al. (1980). For the partial-gravity experimental data of
Sacksteder and T’ien (1994), although the flame spread rate at g=0.6 closely
resembles our prediction, the discrepancy becomes increasingly greater as the
gravity is lowered. For the data converted from the forced flow experiments in
air (Olson, 1991), two of the experiment closely approach the present values at g
= 0.25 and 0.45; the other values in lower gravity levels are deviated signifi-
cantly. The latter behavior can be found in higher gravity levels as well, which is
also observed in the comparison with Olson (1991) in flame spread by Sackst-
eder and T’ien (1994). Exactly why prediction results deviate from experimental
ones, particularly in a low gravity regime, is explained later. The flammability
boundary drawn in Sacksteder and T’ien (1994) reveals that a quench limit
should exist between 0.05g and zero-g in 21% oxygen environment. Our compu-
tational results predict that the flame is to be extinguished at 0.022g, which is
within that domain. However, as g<0.2, the predicted values markedly deviate
from the experimental data, which is similar to the comparison with Olson
(1991) as mentioned earlier. For example, the computed peak flame spread rate
occurs at g=0.05, whereas the peak is experimentally found at g=0.6 in Sackst-
eder and T'ien (1994). This finding suggests that the radiation effect on flame
spread rate in this modet is under-predicted in an extremely low gravity regime.

Although the source of discrepancy in a low-gravity environment is unclear, it
is believed that P-1 approximation incorporated in this combustion model may
be inaccurate at a relatively low optical thickness. The applicability of P-1
approximation is constrained by the temperature, optical thickness and boundary
conditions; it is particularly appropriate for an optical dense medium (Ratzel and
Howell, 1983). Thus, it may not reflect an actual situation under normal experi-
mental conditions and the assumptions in this study. Moreover, using the
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Planck-mean absorption ceefficient without modification may over-predict the
radiation emission and under-predict self-absorption (T’ien and Bedir, 1997).
Another contributing factor could be the selection of kinetics and radiation
parameters. Therefore, a sensitivity study in these parameters should be under-
taken to evaluate the ability of the present flame spread model to quantitatively
predict the low gravity regime more accurately.

CONCLUSIONS

This investigation numerically studies a flame spread over a thermally-thin solid
fuel under the influence of two-dimensional gas radiation over a wide range of
gravity level. Via normalization procedure, the two most important parameters,
Damkohler number, Da, and radiation to conduction parameter, 1/N,,, are identi-
fied, respectively. Mathematically, Da is proportional to (g)'2’ 3 and /N, is
(g)'”3, indicating that both interact with each other. The computational domain
ranges from the quenching limit (0.0228.) in a low gravity regime to the blow-
off limit (4.58,) in high gravity. The computed results are from two previous
studies, Duh and Chen (1991); no radiation case, and Chen and Cheng (1994);
with cross-stream radiation only, are also included in the presentation to identify
how the radiation affects the spreading flame and, subsequently, differentiates
the stream wise radiation contribution from this effect through the relative com-
parisons. In a high gravity regime, Da is predominant and 1/N_, is minor, indicat-
ing that flame stretch is the dominant mechanism for spreading flame and
radiation is not as important. As the gravity is lowered, the flame spread rate still
maintains the trend of increasing with a decrease of gravity; however, its value is
less than that without considering the radiation effect. This finding implies that
influence of radiation gradually appears. As gravity reaches 0.05g,, radiation
effect completely takes control because the flame spread decreases rather than
increases with a decrease of gravity. It quickly approached extinction as the grav-
ity is further reduced. Except for the flame spread rate as a function of gravity,
the flame structures in gas phase and the heat flux, temperature and density dis-
tributions along the solid fuel at a specified gravity, g = 0.03, are plotted graphi-
cally as well to illustrate the difference among these three flames. Regarding
stream wise radiation, it consists of two competing factors. One is to draw energy
out from the flame to reduce the flame strength. Then, this heat loss via radiation
can reinforces the forward heat transfer ahead of flame front to increase the
flame spread rate. As expected, the flame temperature is lowered in radiation
cases. On the other hand, the flame front extends furthest upstream in the present
case. In addition, it has a longer combustion and thermal plumes in downstream
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comparing to the one obtained from Chen and Cheng (1994). However, the
former effect surpasses the latter one since the flame spread rate in the present
model is always lower than that predicted by Duh and Chen (1991). Finally, the
contour of Planck mean absorption coefficient in gas phase demonstrates the gas
phase radiation distribution. The most significant radiation occurs near the pyrol-
ysis surface and the other one is in the downstream of burnout point.

NOMENCLATURE
A Pre-exponential factor for fuel pyrolysis, &, & /V,V;
B Pre-exponential factor for gas-phase reaction
C Ratio of specific heat, T, /c,
. Specific heat for gas mixture
z. Specific heat for solid fuel
B Species diffusivity
Dat Modified Damkohler number, E5+3/V,
Da Damkohler number, Y g ..-Da*
E Activation energy, E/RT.,
f. Stoichiometric CO5/fuel mass ratio
fy Stoichicmetric HyO/fuel mass ratio
f, Stoichiometric oxidizer/fuel mass ratio
g Gravitational acceleration, g/g,
Z. Normal earth gravity
Gr Grashof number, gGz-7)3"/7"7"2

1 Zeroth moment of intensity

K Conductivity

5 Planck mean absorption coefficient
L Latent heat, T/C, T,

Le Lewis number

o Surface pyrolysis mass flux rate
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The conduction-radiation parameter based on T_
Pressure, (5-5..)/5"V"

Prandtl number, ¢/&

Heat of combustion per unit mass of fuel
Universal gas constant

Temperature, T/T,

Vaporization temperature

Velocity parallel to the fuel surface, /v,
Velocity normal to the fuel surface, v/v;

Nondimensional flame spread rate, ¥, /v,
Reference velocity, g5, -5,)a" /3°]*/
Distance parallel to the fuel surface, %/5
Location of downstream boundary
Location of upstream boundary

Distance normal to the fuel surface, 7/3
Concentration

The normalized oxygen concentration, Yo/Y g o

Location of boundary far from the wall
Temperature ratio, T" /T,

Thermal diffusivity

Emissivity

Thermal length, &= /v,

Dynamic viscosity, z/a"

Kinematic viscosity

Density of gas phase, z/7

Density of solid phase, 7, /7,
Reaction rate, — Da-p>YY g exp(-E/T)

Fuel-bed half thickness, 7C, 7 Vi /k"
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- Dimensional quantities

Superscripts

* Reference state on -
" Flux

Subscripts

f Flame

F Gaseous fuel

0 Oxidizer

S Solid phase

w Fuel wall

oo Ambient conditions
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