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RADIATIONEFFECTSFORDOWNWARDFLAME
SPREADOVERATHERMALLY THINFUEL IN
APARTIAL-GRAVITY ENVIRONMENT

KUO-KUANGWUANDCHIUN-HSUNCHEN*

Department of Mechanical Engineering,National Chiao-Tung
University, HsinChu,Taiwan, Republic of China

This study explores the effects of radiation on a downward flame spread over

a thermally thin solid fuel in a partial-gravity environment. The radiation

effect and gravitational field strength (g) are predicted not to influence the

ignition delay time. The flame-spread rate reaches a maximum at g¼ 0.01. At

g> 0.01, the flame stretch effect dominates the behaviors of the flame.

Radiation heat transfer and oxygen transport control the flame behaviors for

g< 0.01. The predicted quenching limit is g ¼ 5� 10�6, close to the value

obtained experimentally elsewhere. Radiation has two simultaneous effects.

One is to reduce the flame strength by carrying heat to the ambient. The other

one is combined with upstream conduction to enhance the total forward heat

transfer rate and thus preheat virgin fuel upstream. The solid fuel temperature

is low and some fuel is left over in low gravity due to radiation loss. Energy

analyses indicate that the conduction heat flux from the flame (qc) dominates

its behaviors. However, radiation gradually competes with qc as the gravity is

reduced.
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INTRODUCTION

In an earlier study (Wu and Chen, 2003), the development of a flame

from ignition to steady spread over a thermally thin solid fuel in a

gravitational field was studied in detail. A parametric study predicted

that the flame-spread rate increases as gravitational field strength declines

in a partial-gravity environment (g < 1). However, this result contradicts

the experimental findings of Olson et al. (1988) and Sacksteder and T’ien

(1994), who found that the flame-spread rate is low in a partial-gravity

environment. The study (Wu and Chen, 2003) neglected radiation, but

this mode of heat transfer is crucial at low gravity. Therefore, this work

addresses the effects of radiation on the downward flame spread over a

thermally thin solid fuel in a partial-gravity environment.

Nakamura et al. (2000) numerically studied the ignition of a hor-

izontal solid fuel heated by external radiation. They also considered solid

radiation. They identified two distinct types of ignition. The first occurs

when the oxygen concentration is relatively high and the flame is ignited

at the tip of the plume with a short ignition delay. The second occurs

when the oxygen concentration is low and ignition occurs inside the

plume with a relatively long ignition delay. The first type of ignition is

controlled by one-dimensional heat and mass transport, whereas the

second type is controlled by a two-dimensional process caused by

buoyancy-induced flow.

Chen and Cheng (1994) numerically studied the effect of radiative

heat transfer on a downward flame spread over a thin fuel in low gravity.

They used a two-flux model to approximate gas radiation in the cross-

stream direction. They predicted that the effect of radiation becomes

significant at g < 0:05 and extinction occurs when gravity is reduced to a

critical value. However, at higher gravity, radiation is insignificant and

the Damköhler number dominates. Lin and Chen (1999) considered two-

dimensional gas radiation using a P-1 model as an approximation. They

found the flame-spread trend, as observed in a previous study (Chen and

Cheng, 1994). However, the flame spreads faster in higher gravity,

because streamwise radiation preheats upstream virgin fuel, increasing

the flame-spread rate.

Kumar et al. (2003) numerically studied the flame spread over a thin

solid fuel in a forced-convection environment. They found that short-

ening the entrance accelerates the spread and reduces the oxygen-

extinction limit in slow freestreams; however, the effects are reversed at
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high freestream velocities. The length of the entrance affects the effective

flow rate seen by the flame in the base region. This oppositely affects the

radiation loss and the gas residence time, causing the crossover. Kumar

et al. (2003) also compared the behaviors of opposed and concurrent

flames. The flame-spread rate increases linearly with freestream velocity,

but the opposed flame-spread rate increases to a peak and then decreases

as the freestream velocity falls. At a given freestream velocity, the oxy-

gen-extinction limits in concurrent flame are lower than in an opposed

flame except in the very slow freestream regime. This crossover dis-

appears if the freestream velocities are converted to relative velocities

with respect to the flames.

In recent years, many numerical and experimental studies have been

performed to explore the behaviors of flames in microgravity environ-

ments. In the low-velocity regime, the flame-spread rate of opposed flames

increases with flow velocity to a maximum value before decreasing as the

flow velocity is increased further (Fujita et al., 1997; Kashiwagi et al., 1996;

Olson, 1991; Olson et al., 2001), because not enough oxygen cannot be

transferred to the flame to support combustion as the flow velocity

declines. If the flame initially propagates both upstream and downstream,

the downstream flame will be extinguished by the ‘‘oxygen shadow’’ effect

(McGrattan et al., 1996). As the flow velocity increases, the flame stretch

effect becomes significant, reducing the flame-spread rate.

The main purpose of this study is to use an unsteady, two-

dimensional combustion model coupled with a radiation model to clarify

the effect of radiation on downward flame spread over a thermally thin

cellulosic fuel in a partial-gravity environment. Analyses will determine

the factor that dominates the behaviors of a flame in a partial-gravity

environment.

MATHEMATICALMODEL

Figure 1 presents the configuration of approach taken by this study,

which is exactly the same as that used by Wu and Chen (2003). The

assumptions made and normalization procedure applied are found in the

literature (Wu and Chen, 2003) and are not repeated here. The mathe-

matical model consists of continuity, momentum, energy, and species

equations in the gas phase, and continuity and energy equations in the

solid phase; the equations are coupled at the interface. Table 1

summarizes the governing equations. The model of radiation from gas is
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described in the following. The energy equations, which include the

radiation term, differ from those in the cited previous study and are

expressed as follows. For the gas phase,

r
@T

@t
þ ru

@T

@x
þ rv

@T

@y
¼ 1

Pr
ffiffiffiffiffiffi
Gr

p @

@x
m
@T

@x

� �
þ @

@y
m
@T

@y

� �� �

� q _ooF � a

N1
ðT4 � I0Þ ð1Þ

where a=N1ðT 4 � I0Þ is the gas radiation term. In the solid phase,

rs
@Ts

@t
¼ as

@2Ts

@x2
þm00

s Lþ ð1� CÞðTs � 1Þ½ � þ m

tPr
ffiffiffiffiffiffi
Gr

p @T

@y

����
w

þ qex

þ 1

tN1
e 1� T4

s

� �
þ 1

3a

@I0
@y

����
w

� �
ð2Þ

Figure 1. Schematic illustration of radiative ignition over a vertical solid fuel.
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Table 1. Non-dimensional governing equations

Gas-Phase Governing Equation

@

@t
rfð Þ þ @

@x
ruf� G

@f
@x

� �
þ @

@y
rvf� G

@f
@y

� �
¼ S

Equation f G S

Continuity 1 — 0

x Momentum u
mffiffiffiffi
G

p
r

� @P

@x
þ Su þ

r1 � r
r1 � rf

y Momentum v
mffiffiffiffi
G

p
r

� @P

@y
þ Sv

Energy T
m

Pr
ffiffiffiffi
G

p
r

�q _ooF � a

N1
T 4 � I0
� �

Fuel YF
m

PrLe
ffiffiffiffi
G

p
r

_ooF

Other species

i ¼ O2;CO2;H2O

Yi
m

PrLe
ffiffiffiffi
G

p
r

fi _ooF

Solid-Phase Governing Equations

Mass
m00

s ¼ � @rs
@t

¼ Asrs exp �Es

Ts

� �

Energy

rs
@Ts

@t
¼ as

@2Ts

@x2
þm00

s Lþ ð1� CÞðTs � 1Þ½ �

þ m
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ffiffiffiffi
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p
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@T

@y

����
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þ qex þ
1
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þ 1

3a

@I0
@y

����
w

� �

where

Su ¼
1
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G

p
r

@u
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� �

_ooF ¼ �Dar2YFYO expð�E=TÞ

Radiation transport equation:
@2I0
@x2

þ @2I0
@y2

¼ �3a2 T4 � I0
� �

Equation of state: r ffi g
T

The equation for viscosity variation with temperature: m ¼ T
g
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The last term in Eq. (2) is the radiation heat flux and includes the loss

from the solid by radiation and radiated flux from the gas phase to the

solid phase. Figure 1 presents the boundary conditions, which are initially

as follows. For the gas phase,

t ¼ 0 u ¼ v ¼ 0 T ¼ 1 YF ¼ YC ¼ YH ¼ 0 YO ¼ YO1 ð3Þ

For the solid phase,

t ¼ 0 rs ¼ Ts ¼ 1 ð4Þ

This study also considers radiation from gas and solid. Some assump-

tions are made for radiation mode 1, as follows:

1. gas-phase radiation is two-dimensional.

2. The gas medium is optically thin and the scattering effect is not

considered.

3. The participating media are CO2 and H2O.

4. Radiation from soot is neglected, based on experimental observations

in conditions of slow flow and low oxygen concentrations (Grayson

et al., 1994).

5. The fuel surface is opaque and diffuse.

6. The surface reflectivity is zero.

The P-1 approximation is used to describe the radiative heat flux

(Lauriant, 1982). The nondimensional radiation transport equation is

@2I0
@x2

þ @2I0
@y2

¼ �3a2 T4 � I0
� �

ð5Þ

where I0 denotes the zeroth moment of radiation intensity and a is the

effective mean absorption coefficient, which is defined as follows (Patch,

1967):

a ¼
R1
0 alIbl expð�alSÞ dlR1
0 Ibl expð�alSÞ dl

a ¼ da ð6Þ

where Ibl is the spectral blackbody intensity;al is the spectral absorption

coefficient, which is a function of temperature and the composition of the

mixture; and S is the distance along the path of the radiation (overbars

denote dimensional quantities). Ludwig et al. (1973) measured and
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tabulated al. Marshak’s boundary conditions (Marshak, 1947) apply to

the transport equation and are presented as follows:

1� 2

3a

@

@x

� �
I0 ¼ 1 at x ¼ xmin ð7Þ

@I0
@x

¼ 0 at x ¼ xmax ð8Þ

1� 2

3a

@

@y

� �
I0 ¼ eT 4

s at y ¼ 0 xmin � x � xbo ð9Þ

@I0
@y

¼ 0 at y ¼ 0 xbo � x � xmax ð10Þ

1� 2

3a

@

@y

� �
I0 ¼ 1 at y ¼ ymax ð11Þ

Please refer to Ratzel and Howell (1983) for details of the radiation

model.

The numerical scheme adopts the SIMPLE algorithm (Patankar,

1980). This model is solved using a marching time step. At each time step,

the gas- and solid-phase equations are solved separately. Iteration is

continued until all variables converge according to specified criteria, after

which they are marched to the next time step. The subroutine RADCAL,

developed by Grosshandler (1993), was modified and coupled with the

present combustion model to obtain the effective absorption coefficient.

The subroutine for radiation is executed once after 10 iterations during

each time step. Grid points are clustered in the region heated by external

radiation. A grid-size independence test was conducted in advance, and a

time step of 0.02 s and a nonuniform 184� 40 grid distribution were

found to achieve an optimal balance among resolution, computational

time, and memory requirements. The computation was performed on a

PC at National Chiao-Tung University.

RESULTS ANDDISCUSSION

The corresponding thermophysical properties and nondimensional

parameter values are the same as in Wu and Chen’s study (2003). Wu and
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Chen (2003) detailed the entire flame development process, which is not

repeated here.

Gravity slightly influences the ignition delay time, which is around

0.56 s. Notably, the ignition source in this study was a laser. The induced

flow velocity is low in the heat-up stage so the flammable mixture can

accumulate above the pyrolysis region and is not carried downstream.

Therefore, the ignition delay time is controlled mainly by the time taken

to form the flammable mixture and not by the induced flow strength,

which is associated with gravity. As in a previous study (Wu and Chen,

2003) that ignored the effects of radiation, radiation did not influence the

ignition delay time herein (tig ffi 0:56 s). The low temperature in the heat-

up stage is such that no radiation effect is evident. Table 2 lists the flame-

spread rate (Vf), the induced flow velocity (Vr), the Damköhler number

(Da), and the variation of the radiation to conduction parameter (1=N1)

with gravity. This table indicates that the flame-spread rate reaches a

maximum (Vf ¼ 0:839 cm=s) at g ¼ 0:01. The controlling mechanism at

g > 0:01 differs greatly from that at g < 0:01. At g > 0:01, the flame

stretch effect dominates the behaviors of the flame. The induced flow

velocity increases (Da decreases) with gravity, so the forward heat

transfer makes preheating the solid fuel increasingly difficult, reducing

the flame-spread rate. In this regime, the effect of radiation is slight

(1=N1 ¼ 0:021 for g ¼ 1) and radiation does not significantly influence

the flame-spread rate. For g < 0:01, heat transfer by radiation and

oxygen transport dominate the flame behaviors. The heat loss to the

ambient by radiation increases significantly as gravity decreases (e.g.,

1=N1 ¼ 0:211 for g ¼ 0:001 and 1=N1 ¼ 0:981 for g ¼ 1� 10�5); hence,

the flame becomes weaker. Clearly, if the radiation effect is not

Table 2. Effect of changing gravity level

g Vr (cm/s) Vf (cm/s) 1
N1

Da

1.0 25.318 0.581 0.021 1:23� 106

0.1 11.752 0.791 0.045 5:73� 106

0.01 5.454 0.839 0.098 2:66� 107

0.001 2.532 0.727 0.211 1:23� 108

0.0005 2.009 0.623 0.266 1:96� 108

0.0001 1.175 Unsteady 0.456 5:73� 108

1:0� 10�5 0.545 Unsteady 0.981 2:66� 109

5:0� 10�6 0.433 Extinction 1.236 4:22� 109
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considered, the flame becomes strong and the rate of spread increases

continuously because the flame stretch effect weakens as gravity

decreases. Moreover, the induced flow carries the oxygen into the flame.

The induced flow velocity decreases as the gravity decreases (for example

Vr ¼ 25:32 cm=s for g ¼ 1 and Vr ¼ 1:175 cm=s for g ¼ 0:0001). As the

velocity of the induced flow decreases, the oxygen becomes harder to

carry into the flame, causing the flame not to receive sufficient oxygen to

support combustion. Ultimately, the flame is extinguished at

g ¼ 5� 10�6 due to radiation loss and weak oxygen transport. These two

factors will be discussed in detail later.

Sacksteder and T’ien (1994) performed experiments in a partial-

gravity environment (0:05 � g � 0:6) and combined experimental data

obtained in forced-convection environments (Ferkul, 1989; Olson, 1991;

Olson et al., 1988) by changing the opposing flow velocities to the cor-

responding induced flow velocity Vr ¼ ½gðr1 � rfÞa�=r��
1=3. They

deduced that the flame would be extinguished in the range

10�6 � g � 10�5 for YO1 ¼ 0:233. The predicted quenching limit,

g ¼ 5� 10�6, falls within this regime. The quenching limits predicted by

Chen and Cheng (1994) and Lin and Chen (1999) are g ¼ 0:012 and

g ¼ 0:022, respectively. These values are far from the experimental results

because Chen and Cheng (1994) considered only cross-stream radiation,

and Lin and Chen (1999) adopted the Plank mean absorption coefficient.

Radiation not only carries heat away to the ambient but also preheats the

solid fuel. Streamwise radiation preheats the solid fuel. The use of the

Plank mean absorption coefficient may overpredict radiation emission

(Bedir et al., 1997). Both streamwise and cross-stream radiations are

considered herein to correct these drawbacks, and the effective absorp-

tion coefficient is adopted. Accordingly the prediction obtained herein is

better than those obtained in previous studies.

Figures 2–4 illustrate the time sequence of isotherms and velocity

vector distributions for g¼ 1, 0.01, and 0.0001, respectively. At t ¼ 1 s, the

isotherm and velocity vector distributions at g¼ 0.01 and 0.0001 are very

similar (Figures 2b and 2c). The flames are almost semicircular and the

fluid flows outward. However, the isotherm and velocity vector dis-

tributions at g¼ 1 differ dramatically from those at g¼ 0.01 and 0.0001

(Figures 2a) because the time required to establish complete induced flow

is short at g¼ 1; by this time, the induced flow is not established at

g¼ 0.01 or 0.0001. As time passes, the discrepancies between temperature

distribution and flow field gradually become apparent at various
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gravitational strengths. At t ¼ 3 s, the heated area (the area covered

contour T ¼ 2) increases as the gravity becomes weaker (Figures 3a–3c)

but the gas-phase temperature decreases as gravity becomes weaker. Two

factors—the velocity of induced flow and the effect of radiation—cause

these phenomena. The induced flow velocity is proportional to g1=3, so

Figure 2. Isotherm and velocity vector distributions for g¼ 1, 0.01, and 0.0001 at t ¼ 1 s.
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Figure 3. Isotherm and velocity vector distributions for g¼ 1, 0.01, and 0.0001 at t ¼ 3 s.
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the convective cooling effect becomes weaker as gravity decreases.

Therefore, heat can be transferred farther via conduction. However, the

magnitude of heat loss to the ambient by radiation increases as gravity

Figure 4. Isotherm and velocity vector distributions for g¼ 1, 0.01, and 0.0001 at t ¼ 6 s.
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decreases. Hence, the gas-phase temperature is lower at lower gravity

(Tmax ¼ 7:65 for g¼ 1 and Tmax ¼ 4:54 for g¼ 0.0001 at t ¼ 3 s). Ulti-

mately, the flame reaches steady state at g¼ 1 and 0.01 (Figures 4a and

4b) but it cannot reach a steady state at g¼ 0.0001 until t ¼ 6 s (Figure 4c).

Figure 5 plots the fuel and oxygen mass fraction contour distribu-

tions at g¼ 1, 0.01, and 0.0001 at t ¼ 6 s. This figure reveals that the flame

is a diffusion flame, except near the flame front where it is a premixed

flame. The premixed flame region is a source for the ignition of the

flammable mixture and thus supports the spread of the flame. Notably,

the premixed flame region is not obvious at g¼ 0.0001 (Figure 5c). The

transport of oxygen into the flame zone depends primarily on the induced

flow strength. When the induced flow is weak, and when gravity is weak,

the oxygen is more difficult to carry into the flame zone. If the oxygen

supplied is insufficient to support combustion, then the flame becomes

weaker and is eventually extinguished. This mechanism, called oxygen

transport control, is another important cause of flame extinction in

addition to loss due to radiation in low gravity.

Figure 6 plots contour at which the chemical reaction rate equals

10�4 g=cm3s at g¼ 1, 0.01, and 0.0001 at t ¼ 6 s. These contours can be

presented as a visible flame (Nakabe et al., 1994). The figure shows that

the flame is shortest at g¼ 0.0001. Because of the slow induced flow, the

flammable mixture is not carried downstream. The flame is largest at

g¼ 0.01 where the flame-spread rate is maximum. The flame is small

when g¼ 0.0001 for the following reason. The rate of chemical reaction is

a function of temperature and oxygen and fuel concentrations

ð _ooF ¼ �Br
2
YFYO expð�E=RTÞÞ. The transport of oxygen into the flame

zone is difficult because the induced flow is weak in low gravity. More-

over, the amount of heat lost to the ambient by radiation becomes great

and reduces the temperature of the flame. In the meantime, the standoff

distance—the shortest distance between the flame and the surface of the

solid fuel—increases, reducing the amount of energy transported from

the flame to the solid fuel via gas-phase conduction, decreasing the rate of

pyrolyzation of fuel vapor. Therefore, the flame is small in low gravity

and becomes extinct as the gravity level is reduced further.

Figure 7 combines the isotherms combined and radiative heat flux

vectors at g¼ 1, 0.01, and 0.0001 at t ¼ 6 s. The radiation has two forms.

One reduces the strength of the flame, reducing its temperature, by loss of

heat to the ambient (so the vectors point outward). This radiation

reduced the energy fed back from the flame to the solid fuel, reducing the
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Figure 5. The fuel and oxygen mass fraction contour distributions for g¼ 1, 0.01, and

0.0001 at t ¼ 6 s.
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flame-spread rate. The other form is radiation that joins upstream con-

duction to reinforce the total forward heat transfer and the subsequent

preheating of the upstream virgin fuel (so these vectors point toward the

surface of the fuel). This effect causes the solid fuel to more easily pyr-

olyze the fuel vapor, accelerating the flame spread. These two contribu-

tions compete with each other. Figures 7a–7c indicate that radiation

effects are greater at lower gravity despite the loss of heat to the ambient

or the preheating of solid fuel. This finding confirms that radiation does

not dominate behaviors of a downward flame in an elevated-gravity

environment. Clearly, the effect of radiation loss from the flame to the

ambient exceeds that of the preheating of the solid fuel in low gravity,

reducing the flame-spread rate (Table 2).

Figure 8 plots the nondimensional solid temperature (Ts) profiles for

g¼ 1, 0.01 and 0.0001 at t ¼ 6 s. In the preheated zone, forward heat

conduction and radiation from the flame preheats the solid fuel. All of

the received energy is used to raise the temperature of the solid fuel in this

zone. The rate of increase of the temperature is high near the leading edge

of the flame because the part of the flame closest to the solid fuel feeds

back much energy to the solid fuel. After Ts reaches its peak value, it

decreases because most of the received energy is used to pyrolyze the solid

Figure 6. Constant contour distributions of chemical reaction rate equal to 10�4 g=cm3s for

g¼ 1, 0.01, and 0.0001 at t ¼ 6 s.
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Figure 7. Isotherm and radiative flux vector distributions for g¼ 1, 0.01, and 0.0001 at

�tt ¼ 6 s.
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fuel into vapor such that no more energy can be used to raise the tem-

perature. Notably, Ts increases again near the origin except at g¼ 1,

because the external radiant source heats the solid fuel continuously. At

g¼ 1, the solid fuel is burned out, and so it is not affected by the external

radiant source. As shown in Figure 8, Ts decreases as gravity decreases

because of the amount of energy fed back from the flame to the solid fuel.

Weaker gravity corresponds to the feeding back of less energy to the solid

fuel. The heat flux will be discussed in detail later.

Figure 9 plots the nondimensional solid density (rs) profiles at g¼ 1,

0.01, and 0.0001 at t ¼ 6 s. The density profiles have two valleys—one

near the origin and the other one near the flame front—because heat

absorbed by the solid fuel comes from two sources: the external radiant

flux and the flame itself. The external radiant flux has a Gaussian dis-

tribution, whose half-width is 0.5 cm and whose peak is 5 W=cm2; it heats

Figure 8. The nondimensional solid temperature profiles for g¼ 1, 0.01, and 0.0001 at

�tt ¼ 6 s.
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the solid fuel continuously until burnout. Therefore, the valley near the

origin is very deep. Nakamura et al. (2002) predicted the same phe-

nomenon in a forced-convection environment. As shown in Figure 9, rs
varies less when gravity is weaker, implying that the solid fuel does not

pyrolyze completely and so some solid fuel is left over downstream of the

flame. The amount of leftover fuel increases as the gravity becomes

weaker, and so the variation in density is less. However, no fuel is left in

stronger gravity (g¼ 1). The amount of energy fed back from the flame to

the solid fuel decreases as gravity increases. Radiation losses are more

apparent at lower gravity. Hence, the solid fuel cannot receive sufficient

heat to pyrolyze fuel vapor continuously and so the solid fuel is retained.

Bhattacharjee et al. (1993) and Ramachandra et al. (1995) experimentally

observed this phenomenon in a microgravity environment, and Kumar

et al. (2003) numerically predicted this phenomenon in a weakly forced

flow environment.

Figure 9. The non-dimensional solid density profiles for g¼ 1, 0.01, and 0.0001 at �tt ¼ 6 s.
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Figure 10. The heat flux distributions include the conduction heat flux from the gas (qc),

gas-phase radiation feedback (qgr), radiation heat loss from the solid fuel (qsr), and net heat

flux (qnet) for g¼ 1, 0.01, and 0.0001 at t ¼ 6 s.
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Figure 10 presents the heat flux distributions, including the conduction

heat flux from the gas (qc), the gas-phase radiation feedback (qgr), the

radiation heat loss from the solid fuel (qsr), and the net heat flux (qnet) at

g¼ 1, 0.01, and 0.0001 at t ¼ 6 s. A positive value indicates that the solid fuel

gains energy from the gas phase and a negative value represents heat lost

from the surface of the solid fuel. This figure reveals that qc is the major

contribution to the energy feedback; qc is concentrated around the leading

edge of the flame, which is the part of the flame closest to the solid fuel. As

shown in insets A of Figure 10a–10c, qgr preheats the solid fuel farther

upstream while qc represents heat loss; qsr is the major heat loss term. Since

qsr is proportional toT
4
s , it is large behind the flame’s leading edge.West et al.

(1992) also indicated that radiation from the solid considerably influences

the flame-spread rate in low gravity. The magnitude of qnet—the sum of qc,

qgr, and qsr—reaches a maximum around the leading edge of the flame

because qc is large there. Although the loss of heat to the ambient by

radiation in weak gravity weakens the flame, it increases the energy feedback

via radiation (see inset A of Figure 10a–10c). However, energy feedback via

Figure 10. Continued.
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conduction is reduced. These two effects compete with each other. Appar-

ently, the latter effect dominates the former one, and so qnet decreases

sharply as gravity decreases in spite of the greater qgr and consequently

enhanced preheating of solid fuel in weak gravity. Behind the leading edge

of the flame, qnet approaches zero (inset B of Figure 10a–10c) so sufficient

energy cannot be supplied to pyrolyze solid fuel and raise its temperature.

Therefore, fuel is left over and Ts is low at low gravity (Figures 8 and 9).

CONCLUSIONS

This work numerically studies the effects of radiation on downward flame

spread over a thermally thin solid fuel in a partial-gravity environment.

Both streamwise and cross-stream radiations are considered and the

effective absorption coefficient is adopted. The effects of radiation and

gravity are predicted to weakly influence the ignition delay because

induced flow is not established and the temperature is low in the heat-up

stage. The rate of flame-spread rate reaches a maximum at g¼ 0.01. At

g > 0:01, the flame stretch effect dominates the behaviors of the flame.

The induced flow velocity increases with gravity so the forward heat

transfer becomes less able to preheat the solid fuel, reducing the flame-

spread rate. At g < 0:01, the radiation heat transfer and oxygen transport

dominate the flame behaviors. The loss of heat to the ambient by radia-

tion increases significantly as gravity decreases. Moreover, slower induced

flow corresponds to greater difficulty with which oxygen is carried into the

flame. Based on these two factors, the flame becomes weak and the spread

rate is reduced. The predicted quenching limit is g ¼ 5� 10�6—close to

the experimental value (Sacksteder and T’ien, 1994).

Two distinct radiative effects apply. The first reduces the flame strength

by carrying heat to the ambient. The other joins the upstream conduction

and reinforces the total forward heat transfer rate and the subsequent pre-

heating of upstream virgin fuel. These two contributions compete with each

other. The former overcomes the latter at low gravity, resulting in a low solid

temperature and causing fuel to be left over. Energetic analyses indicate that

the conduction heat flux from the flame dominates the flame behaviors.

However, the radiation effect gradually competes with the conduction heat

flux from the flame as the gravity decreased further.

The radiation model is coupled with the present combustion model,

and so the execution time is very long. Parallel computation will be used to

overcome this difficulty and thus support advanced research in the future.
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NOMENCLATURE

As nondimensional preexponential factor for fuel pyrolysis,

As a�
.
Vr

2

B preexponential factor for gas-phase reaction, cm3=mol � s
C specific heat ratio of the gas mixture to solid fuel, Cp=Cs

Cp specific heat for gas mixture, J=gK

Cs specific heat for solid fuel, J=gK

D specific diffusivity, cm2=s

Da Damköhler number, �BBr��dd=Vr

E nondimensional activation energy, E=R T1
f stoichiometric oxidizer=fuel mass ratio

g nondimensional gravitational acceleration, g=ge
ge Earth normal gravity, cm=s2

Gr Grashof number, gðr1 � rfÞd
3
.
r�n�2

ks nondimensional solid-phase conductivity, ks=k
�

L nondimensional latent heat, �LL=CsT1
Le Lewis number, �aa= �DD

m00
s nondimensional mass flux, m00

s a�=rs1Vr
2
�tt

N1 conduction-radiation parameter based on T1; k�Vr=sT1
3
a�

P nondimensional pressure, ðP� P1Þ=r�Vr
2

Pr Prandtl number, �nn=�aa
q nondimensional heat of combustion per unit mass of fuel, q=CpT1
qex nondimensional external heat flux, qexa�=trs1CsT1Vr

2

R universal gas constant, J=mol�K
t nondimensional time, �ttVr

2
=a�

T nondimensional gas-phase temperature, �TT=T1
Ts nondimensional solid-phase temperature, Ts=T1
u nondimensional velocity parallel to the fuel surface, �uu=Vr

v nondimensional velocity normal to the fuel surface, v=Vr

Vr reference velocity, ½�ggðr1 � rfÞa�=r��
1=3

Vf flame-spread rate, cm=s

x nondimensional distance parallel to the fuel surface, �xx=�dd
xbo burnout position

y nondimensional distance normal to the fuel surface, �yy=�dd
YF fuel mass fraction

YO oxygen mass fraction

a thermal diffusivity, cm2=s
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g temperature ratio, T�=T1
d reference length a�=Vr; cm

e emissivity

m nondimensional dynamic viscosity, m=m�

n kinematic viscosity, cm2=s

r nondimensional density of gas phase, r=r�

rs nondimensional density of solid phase, rs=rs1
t nondimensional solid fuel half-thickness, �ttCsrs1Vr=k�

_ooF nondimensional gas-phase reaction rate, �Dar2YFYO expð�E=TÞ

Superscripts

00 flux

* reference state

Subscripts

C carbon dioxide

ex external

F gaseous fuel

H water vapor

max location of downstream boundary

min location of upstream boundary

O oxidizer

s solid phase

1 ambient condition
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