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Radiative quenching of a nonpremixed, heavily sooting, laminar flame established in a shear boundary layer at

very low strain rates in microgravity is investigated. The computations include detailed chemistry, transport, and

radiation for a three-dimensional reacting flow. Radiative quenching is expected at long residence times, due to soot

formation resulting from flame expansion downstream of the flame leading edge. The soot model is based on the

formation of two- and three-ringed aromatic species and correctly reproduces the experimental data from a laminar

ethylene diffusion flame over a flat plate. The purpose of this study is to better understand the effects of a

dimensionless volume coefficient, defined as Cq � VF=Vox (where VF is the fuel-injection velocity and Vox is the

airstreamvelocity), on flame quenching and its standoff in a shear reactive boundary layer. Experiments have shown

that a blue unstable flame (negligible radiative feedback) may change to a yellow shorter flame (significant radiative

feedback) with an increase ofCq. This experimental trend is numerically reproduced, showing that an increase ofCq

results in a reduction in flame length that is significantly affected by increasing VF or decreasing Vox, favoring soot

formation. The flame quenching at very low strain rates is a combination of radiative heat loss and combustion

efficiency, depending on the fuel-zone geometry and oxygen concentration. Along a semifinite fuel zone, the ratio

df=db between the flame standoff distance df and the boundary-layer thickness db converges toward a constant value

of 1.2. With reduction in fuel size, radiation loss causes the flame temperature and magnitude of the ratio df=db to

decrease until the flamemigrates toward the boundary layer (df=db < 1) far away from the trailing edge. In all cases,

the soot resides within the boundary layer far from the flame, despite the fuel-zone size and oxygen concentration.

The two-dimensionalflow structure is approximate forCq below0.02, beyondwhich the three-dimensional effects are

of importance, and the reactive boundary layer is significantly lifted above the surface. Thisflamebehavior cannot be

described by the available asymptotical solution from a reactive boundary-layer model without taking into account

radiation loss.

Nomenclature

A = preexponential factor
Cq = dimensionless volume coefficient
c2 = scaling factor in the soot model, 127 � 108:88

c3 = scaling factor in the soot model, 178 � 109:50

c4 = scaling factor in the soot model,
9000:6 kg �m � kmol�1 � s�1

c5 = scaling factor in the soot model,
105:81 kg �m � kmol�1 � K�1=2 � s�1

c6 = scaling factor in the soot model,
18; 903:51 kg �m � kmol�1 � K�1=2 � s�1

D = diffusivity of a mixture, m2 � s�1
�Da = Damköhler number
Di = diffusivity of species, m2 � s�1
E = activation energy, K
Fsoot = integrated soot volume fraction
fsoot = soot volume fraction
Grx = Grashof number
Hc = heat release rate per unit mass of fuel consumed,

kJ � kg�1
Ho = heat release rate per unit mass of oxygen consumed,

13; 100 kJ � kg�1
h = enthalpy, J � kg�1

I = radiative intensity,W �m�2 � Sr�1 � �m�1
Il = radiative intensity for a single ordinate direction,

l, W �m�2 � Sr�1 � �m�1
k = thermal conductivity,W �m�1 � K�1
Lf = length of visible flame, m
Lp = length of the burner, m
M = soot mass density, kg �m�3
Mp = molar mass of a soot nucleus, 12; 011 kg � kmol�1

n
*

= normal direction
_m00s = local burning rate per unit area, kg �m�2 � s�1
N = soot number density, particles �m�3
NA = Avogadro’s number, 6:022 � 1026 kmol�1

Pr = Prandtl number
p = pressure, Pa
qr = radiant energy flux,W �m�2
_q00 = heat release rate per unit volume,W �m�3
Q = calculated heat release rate, kW
QR = radiative heat loss rate, kW
QT = theoretical heat release rate, kW
R = universal gas constant
Rex = Reynolds number
S = stoichiometric air-to-fuel ratio by mass
Sc = Schmidt number
T = temperature, K or �C
Tf = flame temperature, K or �C
t = time, s
u = velocity, m � s�1
ui, uj = velocity components in the coordinate directions x, y

and z, m � s�1
uthi = thermophoretic velocity components, m � s�1
VF = fuel-injection velocity, m � s�1
Vox = oxidizer velocity, m � s�1
wl = weighting factor in the discrete ordinates method
Wp = width of the burner, m
Wf = width of the visible flame, m
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Wi = molecular weight of species, kg � kmol�1

x = streamwise coordinate
xi, xj = coordinate directions x, y, and z
XF = molar fraction of the fuel
XO2 = molar fraction of oxygen
Yi = mass fraction of species
YO = oxygen mass fraction
YO;1 = oxygen mass fraction of a freestream
y = cross-stream coordinate
Z = mixture fraction
Zs = mixture fraction at the burner boundary
Zst = stoichiometric ratio of mixture fraction
z = vertical coordinate
�1 = freestream thermal diffusivity, m2 � s�1
�f = thickness of the visible flame, m or mm
" = thickness of the flame sheet, m or mm
� = total absorption coefficient, m�1

� = dynamic viscosity, kg �m�1 � s�1
� = ratio between buoyant forces and inertia
� = density, kg �m�3
�soot = soot density, kg �m�3
� = Stefan–Boltzmann constant
� = soot collision efficiency, 0.13 or characteristic time, s
�ch = characteristic chemical time, s
�re = characteristic residence time, s
� = solid angle of the radiation propagation, Sr
� = direction of the radiation propagation
_!M;gro = rate of the soot surface growth, kg � s�1 �m�3
_!M;inc = rate of the soot mass density inception, kg � s�1 �m�3
_!M;ox = soot oxidation rate, kg � s�1 �m�3
_!N;coa = rate of the soot number coagulation, particles � s�1 �

m�3

_!N;inc = rate of the soot number inception, particles � s�1 �m�3
_!o = oxygen consumption rate, kg � s�1 �m�3

I. Introduction

A FIRE onboard spacecraft (though unlikely, due to strict safety
measures) is one of the scenarios with the highest damage

potential for hardware and crew. In normal gravity, buoyancy-
induced flowmay be laminar when the scale is small and transition to
turbulence as the size of the fuel increases. Because of the absence of
natural convection in spacecraft, the flow is limited to that induced by
external forced advection. Characteristic velocities of a heat-
ventilation or air-conditioning system in spacecraft are of the order of
0:1 m=s; therefore, the flow is expected to be laminar. The most
likely scenario of a flame incidentally initiated and spread onboard
spacecraft is a wall of combustible material adjacent to a low-
Reynolds-number gas flow (forced by the venting system) and
exposed to a critical ignition source. As a major portion of heat
released from the igniting stage of combustion is transported by
convection in the flow direction, the superior mode of spread is of
cocurrent (forward) type. A renewed interest in such fire propagation
at very low Reynolds numbers (Re < 100) under conditions of
reduced gravity in spacecraft has arisen in the past two decades [1].
This type flame can be described by the ratio between buoyant forces
and inertia, defined as follows: ��Grx=Re5=2x , where Rex is the
Reynolds number andGrx theGrashof number [2]. The experimental
work [2] shows that if the magnitude of the forced flow is small, an
almost vertical plume is formed (see Fig. 1a), indicating a
predominant natural convection (� > 1). Under microgravity condi-
tions, the ratio � is much lower than unity, and even for a low-
Reynolds-number flow (Re < 100), a boundary-layer diffusion
flame is observed to appear (see Fig. 1b), suggesting a predominant
forced convection (� � 1).

In the absence of natural convection, radiation is the predominant
mode of heat transfer, even for a small forward diffusion flame [3].
Konsur et al. [4] attempted to describe the sooting behavior of
nonbuoyant jet diffusion flame by using the smoke-point concept
originally proposed by Markstein and De Ris [5]. Cocurrent flame
spread over a solid plate could then be linked to a critical soot

concentration [6]. Despite the practical utility of this approach, a
proper evaluation of material flammability requires a detailed
understanding of the effect of oxidizer flow velocity on the local soot
concentrations towhich the structure of theflowfield in thevicinity of
the flame connects. Several experimental investigations [7,8] have
demonstrated how changes in blowing affect the soot formation, and
thus the flame structure, in the absence of natural convection.
Rouvreau et al. [9] numerically predicted two regimes (attached and
detached flows) of a low-Reynolds-number flow in the absence of
natural convection, function of blowing, and thermal expansion. The
position and value of the peak temperature are accurately predicted
by the numerical model. The key trends in the evolution with down-
stream distance are captured by the computed profiles. However, in
the Rouvreau et al. works, thermal radiation is not included, and 40%
of energy was subtracted numerically to provide a correct flame
temperature. Moreover, most of the work [9,10] concentrated on the
description and explanation of velocity overshoots close to the
reacting zone.

Diffusion flame quenching is of both fundamental and practical
interest to applications such as fire spread over a condensed-fuel
surface. Flame extinction can be characterized as either kinetic (i.e.,
diffusion) or radiative. Kinetic extinction occurs at short residence
times (i.e., at high strain rates or scalar dissipation rates) and has been
extensively studied in laminar diffusion flames [11], whereas
radiative extinction is expected at long residence times and thus

a) Normal gravity

b) Micro gravity

Fig. 1 Structure of nonpremixed reacting flow from experiment.
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occurs at very low strain rates. For this reason, it is of particular
interest for spacecraft fire safety, when buoyancy is not available to
accelerate (strain) the flowfield. Radiative extinction has been
reported for gaseous spherical diffusion flames in microgravity [12].
Microgravity experiments [7,8] allowed thefirst observation offlame
quenching for boundary-layer diffusion flame. There is no analytical
solution to the problem of blowing in a reacting boundary layer with
the consideration of radiative loss [13]. A simple scaling analysis
[14] for flame standoff is limited to a reacting flow with uniform
density. On the other hand, experimental study at large fuel size
creates an insurmountable difficulty under microgravity conditions,
due to strict safety measures. A complementary numerical study
appears to be necessary.

Quenching of a boundary-layer diffusion flame at very low strain
rates is much more difficult to predict, due to radiative loss coupled
with complex chemical processes of soot formation, which are not
fully understood. Currently, for predicting the local soot concen-
tration, extensive efforts are devoted in 3-D computational fluid
dynamics codes to the semi-empirical sootmodels [15–18] involving
the inception, coagulation, surface growth, and oxidation processes.
Nonbuoyant laminar jet diffusion flames have been modeled for
ethylene/air, by assuming the nucleation and growth of soot are first-
order functions of acetylene concentrations [15,16]. Recent research
suggests that the growth of aromatics is the rate-limiting step, rather
than the formation of thefirst ring [17].Vovelle et al. [18] showed that
in decane flames, aromatic hydrocarbons are formed from acetylene.
Anderson et al. [19] showed that even a small quantity of aromatic
hydrocarbons in the fuel can significantly increase the soot
emissions. In their study of a laminar methane flame, Hall et al. [20]
developed a soot inception rate based on the formation of two- and
three-ringed aromatic species from single-ringed aromatic species
using a simplified reaction mechanism. However, accuracy of the
semi-empirical soot models seems to be strongly linked to the
configuration studied, and no guarantees are given that validation
applies to a cocurrent boundary-type laminar flame in microgravity.
This paper tends to use a polycyclic aromatic hydrocarbon (PAH)
inception model for predicting the soot volume fraction on such a
flame by employing a detailed kinetic reaction mechanism [21]. A
radiation heat transfermodel that considered the soot, water, andCO2

mixture is included. During experiments, microgravity conditions
are attained bymeans of parabolic flights, and the experimental work
[8] serves to validate the numerical models. Generally, a good
agreement with themeasured soot volume fraction is achieved by the
PAH inception model. Both prediction and experiment show that
soot production is enhanced with decreasing the oxidizer flow
velocity or increasing the fuel-injection rate, further emphasizing the
role of radiation on the geometric characteristics of a cocurrent
boundary-layer laminar flame in microgravity. As a complementary
study, the numerical simulation helps to emphasize the impact that
the soot formation has on the flame quenching and can be used to
investigate the flame propagation at large fuel size.

II. Theoretical Model

Because radiation is inherently a 3-D phenomenon, the Navier–
Stokesfluid dynamic equations of three-dimensional elliptic reacting
flow are solved.

A. Fluid Dynamic Equations

The hydrodynamic model is based on a classical reactive-flow
model.

Mass conservation:

@�

@t
�r � �u� 0 (1)

Momentum conservation:

@�u

@t
�r � �uu��rp�r � �ij (2)

State equation:

p� �T R
M

(3)

Energy conservation:

@�h

@t
�r � �hu�r � krT � _q000 � r � qr (4)

In the Shvab–Zel’dovich energy equation (4), h represents the
sensible enthalpy. Because the unit Lewis number (Pr� Sc) is used,
the enthalpy flux from the diffusing species is taken into account
through the heat release rate by employing both Fick’s law and
species conservation. For a laminar flame, diffusivity Di, thermal
conductivity k, and viscosity are approximated from kinetic theory
[22], because the temperature dependence of each is important in a
reactive system.

B. Combustion Model

The combustion model is based on the assumption that com-
bustion is mixing-controlled. A linear combination of the conser-
vation equation for fuel and oxidizer leads to the following transport
equation for the mixture fraction Z, which is a conserved quantity
from a normalized mass ratio between fuel and oxidizer:

@�Z

@t
� @��uiZ	

@xj
� @

@xj

�
�

Sc

@Z

@xj

�
(5)

The oxygen mass conservation equation is given as

@�YO
@t
� @��uiYO	

@xj
� @

@xj

�
�

Sc

@YO
@xj

�
� _!000O (6)

Gaseous species diffusivity is inferred from the viscosity
(�D� �=Sc), assuming a Schmidt number equal to 0.7. By
combining the two conservation equations of themixture fraction (5)
and oxygenmass fraction (6), and after a mathematical arrangement,
an expression for the rate of oxygen mass consumption can be
derived:

� !000O �
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@xj

�
�

Sc

dYO
dZ

@Z

@xj

�
� dYO

dZ

@

@xj

�
�

Sc

@Z

@xj

�
� �

Sc

d2YO
dZ2
jrZj2

(7)

Neither of the expressions in Eq. (7) for the local oxygen
consumption rate is particularly convenient to apply numerically,
because of the discontinuity of the derivative of YO�Z	 at
stoichiometric ratio Z� Zst from the state relation. However, an
expression for the oxygen consumption rate in units of mass per unit
time per unit area of flame sheet can be derived from Eq. (7):

� !00O �
dYo
dZ

����
Z<Zst

�

Sc
rZ � n (8)

Note that the numerical procedure entails the subdividing of
the calculation domain into a finite number of cells. FromEq. (8), the
local heat release rate per unit area can computed by locating the
flame sheet at the stoichiometric surface. If a grid cell is much larger
than the flame-sheet thickness (� 1 mm), this energy will be
distributed to the grid cells cut by the flame sheet [22]. Because the
temperature is smeared out over a grid cell, the computations should
be grid-independent by reducing the cell dimensions to a sufficient
small value. In such a study, the grid resolution is sufficiently fine
(about 1 mm near the reaction zone) to resolve the flame sheet, and
the heat release rate is directly proportional to the rate of oxygen
consumption [23] at the grid cell, giving a grid-independent
resolution:

_q 000 � �Ho!
000
O (9)

In gaseous combustion, the chemical compositions are found by
using an appropriate reaction mechanism. For providing the local
concentration of soot precursory species, such as acetylene (C2H2),
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benzene (C6H6), and phenyl (C6H5), a detailed kinetic reaction [21],
including 736 reversible reactions and 99 species, has to be used to
model the combustion for ethylene/air. This reaction mechanism
consists of a set of elementary reactions with corresponding rate
parameters. The rate coefficient for reaction is calculated from an
Arrhenius expression. These rate parameters, together with the
elementary reactions and their stoichiometric coefficients, constitute
the reaction mechanism. The rate laws for the species can be
calculated by using a time-consuming stiff ordinary-differential-
equation solver. However, any attempt to use the Arrhenius expres-
sion for a detailed kinetic [21] coupled with a three-dimensional
elliptic reacting flow is discouraged, due to the problem of
computational cost.

In combustion, the mixture fraction is a conserved quantity
traditionally that is defined as the (mass) fraction of the gas mixture
that originates in the fuel stream. Themixture fraction is a function of
space and time, commonly denoted as Z�x; t	. Therefore, many
combustion models employ a detailed cost-effective kinetic reaction
by tabulating the kinetics in terms of mixture fraction, and only the
mixture fraction is tracked in the calculation [24]. This implies that
all species of interest of combustion products can be described in
terms of the mixture fraction alone. The correspondence between the
mass fraction of an individual species and the mixture fraction is
called its state relation. This state relation can be obtained by using
theOPPDIF (OpposedDiffusion Flames) computer code [25], which
is performed by using subroutines from the chemical program library
Chemkin.

As an illustration, dependence of the main chemical species on
mixture fraction is presented in Fig. 2. For obtaining such a state
relation for combustion of fuel/air, OPPDIF [25] requires chemical
and physical input parameters, such as the fuel type, the initial
temperature value of fuel and oxygen, the initial value of fuel and
oxygen mass fraction, pressure, and strain rate. In this study, the
chemical-composition profiles for combustion of ethylene/air as a
function of the mixture fraction (see Fig. 2) correspond to the
temperature (TF � TOX � 300 K), pressure (P� 1 atm), and
compositions (XO2 � 0:21 and 0.35) found in the experiment [8].
A small value of the strain rate (less than 0.0003) that is much lower
than the critical extinction value is assigned, corresponding to the
chemical equilibrium conditions. Note that this state relation
obtained from OPPDIF [25] is independent of reactant and oxidizer
flow rates. At the start of a simulation, the detailed chemical species
involved are tabulated as a function of mixture fraction. During the
simulation, the local value of all species is found by table lookup
according to the local mixture-fraction value.

C. Radiative Heat Transfer

In this laminar flame, soot is the most important combustion
product controlling the thermal radiation from the flame. As the

radiation spectrum of soot is continuous, it is possible to assume that
the gas behaves as a gray medium. The spectral dependence is then
lumped into one absorption coefficient �. The source term is given by
the blackbody radiation intensity I, which is found by solving the
radiative transfer equation without scattering into the direction of the
radiation propagation � [26]:

r ��I � �I � � �T
4

	
(10)

The gas-phase contribution to the gains and losses of heat via
radiation, �r � qr, in the energy equation (4) is calculated from a
discrete expression [22]:

� r � qr ��
Z
4	

r ��I � d�
 �
�XL
l�1

wlIl � 4�T4

�
(11)

The radiation propagation� is limited to the computational domain.
The solid wall is considered as a gray diffuse one, and the boundary
condition for the radiation intensity leaving a wall is determined
according to thewall emissivity and its surface temperature [26]. The
calculation of the gray absorption coefficients � of a sooting diffusion
flame is based on the work of Grosshandler (RadCal) [27].

D. Soot Formation and its Oxidation

The semi-empirical soot model is based on the two time-
dependent conservation equations for soot-particle number N
(particles=m3) and soot mass densityM ( kg=m3):
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where uthi is the thermophoretic velocity component:

uthi ��0:54
�

�

@ ln T
@xi

(14)

Thefirst term inEq. (12) represents the rate of soot-particle inception,
and the second term represents the soot coagulation. The second term
in Eq. (13) represents the surface growth of soot, and the last term
represents the soot oxidation rate.

Several theoretical and experimental works [17,18,20] highlight
the importance of PAH as result of intermediary reactions in soot
inception processes. Hall et al. [20] developed a soot inception
model, which is based on the formation rates of two- and three-ringed
aromatics (C10H7 and C14H10) from acetylene (C2H2), benzene
(C6H6), and the phenyl radical (C6H5). The growth mechanism of
PAH is composed of consecutive repeated reactions that can be
classified in a two-step mechanism, called HACA (H-abstraction-
C2H2-addition). The first step is an abstraction mechanism of
hydrogen:

2C2H2 � C6H5 ! C10H7 � H2 (15)

The second step is the addition reaction of acetylene:

C 2H2 � C6H6 � C6H5 ! C14H10 � H2 � H (16)

Based on the laminar flame data, the resulting inception rate is
expressed as
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_!M;inc �
Mp

NA
_!N;inc (18)

where c2 (127 � 108:88) and c3 (178 � 109:50) are the scaling factors.
The soot coagulation rate is determined by Lindstedt [28] based on

the collision frequency defined by Puri et al. [29].

_! N;coa ��
�

24R

�sootNA

�
1=2
�

6

	�soot

�
1=6

T1=2M1=6N11=6 (19)

The surface growth of soot is proposed by Frenklach et al. [30]:
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e
12100
T
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(20)

where c4 (9000:6 kg �m � kmol�1 � s�1) is a scaling factor.
The soot oxidation in Eq. (13) is assumed to proceed through two

reaction steps:

1
2
O2 � Cs ! CO (21)

C s � OH! CO� H (22)

Lee et al. [31] measured and modeled theO2 and OH dependence of
the soot oxidation in a laminar diffusion flame. By assuming that the
kinetics of surface reactions are the limiting mechanism and that the
particles are small enough to neglect the diffusion effect on the soot
oxidation, the specific rate of soot oxidation is expressed by

_!M;oxi ��c5��
YOH
WOH

T1=2�	N	1=3
�
6M

�soot

�
2=3

� c6�
YO
WO

T1=2�	N	1=3
�
6M

�soot

�
2=3

e�
19778
T (23)

where c5 (105:81 kg �m � kmol�1 � K�1=2 � s�1) and c6
(18; 903:51 kg �m � kmol�1 � K�1=2 � s�1) are the scaling factors,
and a value of 0.13 is assigned to the collision efficiency, �.

E. Method of Resolution

This study is performed by using the Fire Dynamics Simulator
(FDS) code [22], developed by the National Institute of Standards
and Technology. For studying quenching of a laminar flame, due to
radiation losses, a sootmodel is implementedwithin the FDS code by
the author. To ensure the accuracy of the numerical solution of the
governing equations, submodel verification within the FDS code
about the fluid modules and thermal radiation against the experi-
mental data or analytical solution is presented elsewhere [22].
Moreover, for such low-Reynolds-number reactingflow, comparison
between the numerical results and experimental standoff distances to
validate the accuracy of FDS code has been presented in detail by
Rouvreau et al. [9] and will not be repeated here.

Low-speed solvers used in FDS explicitly eliminate compressi-
bility effects that give rise to acoustic (sound) waves for low-Mach-
number flows (less than 0.3). An approximation to the equation of
state is made by decomposing the pressure into a background
component and a perturbation. The pressurep in the state and energy
equations is replaced by the background pressure to filter out sound
waves that travel at speeds that are much faster than the typical flow
speeds expected in fire applications. In neither of these cases is the
Boussinesq approximation invoked; the fluid is still considered
thermally expandable, and the divergence is nonzero. Because of the
use of the low-Mach-number approximation, the divergence of the
flow,r � u, plays a very important role in the overall solution scheme.
The divergence is obtained by taking thematerial (total) derivative of
the equation of state and then substituting terms from the mass and
energy conservation equations. The temperature is extracted from the
density via the equation of state. A pressurelike elliptic partial
differential equation is derived by taking the divergence of
the momentum equation. The reason for the decomposition of the
pressure term is so that the linear algebraic system arising from the

discretization of pressurelike equation has constant coefficients and
can be solved to machine-accuracy by a fast direct method that uses
fast Fourier transforms. The relative difference between the com-
puted and the exact solutions of the discretized Poisson (pressure)
equation is on the order of 10�12. The fidelity of the numerical
solution of the entire system of equations is tied to the pressure/
velocity coupling. Without the use of the direct Poisson solver,
buildup of numerical error over the course of a simulation could
produce spurious results [22].

The finite difference technique is used to discretize the partial
differential physical equations. This procedure entails the sub-
dividing of the calculation domain into a finite number of cells. The
velocities (u, v, andw) are taken on the boundary of each cell, and all
scalar variables are taken at cell centers. This staggered grid leads to a
very efficient differencing scheme for the equations. All spatial
derivatives are approximated by second-order finite differences, and
the flow variables are updated in time using an explicit second-order
predictor–corrector scheme. The convective terms are written as
upwind-biased differences in the predictor step and downwind-
biased differences in the corrector step. The thermal and material
diffusion terms are pure central differences in both the predictor and
corrector steps [22].

The boundary conditions are specified as follows: the inert solid
surface is considered as adiabatic, and the no-slip condition is
imposed by setting all velocities to zero. However, the mixture
fraction Zs at the porous burner boundaries is adjusted during the
numerical iteration, according to the following conservation
relationship:

�1 � Zs	 _m00s ��
�

Sc

dZs
dn
��tus

d� _m00sZs	
dn

(24)

where�t is the time step and us the fuel-injection velocity (m=s). At
the free boundaries, zero-gradient conditions are used for the far-field
boundary values of the mass fractions.

III. Results and Discussions

In the experiment, microgravity conditions are attained by means
of parabolic flights that provide a gravity level of 10�3 g during 22 s.
Porous burners have been used regularly in an attempt to simplify
experiments by avoiding the coupling between heat feedback from
the flame and fuel supply so that longer experimentation time can be
achieved. Although a zero-gravity numerical simulation is per-
formed, the fluid and combustion equations are coupled through the
contributions to the divergence of the flow, which include the heat
release rate due to combustion and the net heat flux from thermal
conduction and radiation. The sketch of the basic configuration is
displayed in Fig. 3. A steady diffusion flame is stabilized in a
boundary layer of an oxidizer stream flowing over a porous flat plate
with fuel injection. The parameters varied are the oxidizer molar
fraction XO2, varying from 0.21 (0.79 nitrogen) to 0.35, and fuel/
freestream velocities. The pyrolysis products of a condensed fuel are
simulated by injecting ethylene with a weak velocity VF, varying
from 0.003 to 0:005 m=s, through a porous burner, which is
characteristic of those expected from condensed-fuel pyrolysis and
oxidizer flow. The fuel temperature of 300 K and the atmospheric
pressure of P� 1 atm are imposed at the porous burner boundaries,
corresponding to the experimental conditions [8]. An oxidizer flows
parallel to the surfacewith a constant velocityVox. The dimensions of
the computational domain, as shown in Fig. 3, are 8Lp in the
windward direction and 4Lp in both the lateral and normal
directions, so that boundary conditions can be set to conform asmuch
as possible to the experimental configuration. The grid system
contains 240 � 80 � 60 cells, and cells of 1 mm are concentrated
around the reacting zone. Convergence is addressed by varying the
grid spacing to ensure that the results are not dependent on them. The
resolution tests indicated that the computations are grid-independent
when the cell dimensions are lower than 3 mm.
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A. Evaluation of the Numerical Approach at a Small Fuel Size

(Lp � 0:05 m)

By conducting experiments under microgravity conditions, the
dominant effect of buoyancy was avoided, and freestream velocities
below 0:2 m=s could be studied. The experimental setup in
microgravity conditions corresponds to a small square porous burner
(Lp �Wp � 5 cm; see Fig. 3b), due to strict safety measures during
the parabolic flight [7,8]. This square porous burner is embedded in
the plane at z� 0, centered in the y direction and at 5 cm from the
inlet of a large enclosed combustion chamber. As shown in Figs. 4a
and 4b, the flame and soot in the cross section at the trailing edge
display a 3-D behavior. Under microgravity conditions, the diffusion
flame in the cross-stream plane is almost located in the pyrolysis
zone. The extent of soot in the cross-streamplane is narrower than the
pyrolysis zone, due to soot oxidation. A stable symmetrical soot
formation is generated; however, the transverse diffusion in the
presence of crossflow causes distortions of the temperature
distribution. Only the soot volume fraction and flame shape on the

median plane are measured and are thus available for validating the
numerical models. Figure 5 shows the comparison between the
predicted and measured soot volume fractions across the height z at
various axial locations x=Lp � 0:5, 1, 1.5, 2 forVox � 0:25 m=s and
VF � 0:005 m=s. The PAH inceptionmodel correctly reproduces the
general shape of the experimentally determined profiles of soot
volume fraction. By looking at their locations, the measured peak is
placed just above the plate surface with 3 mm, and the calculated
peak occurs with 5 mm. It is noted that the computations overpredict
thevertical stratification present in the experiment and, consequently,
the soot-layer thickness. Globally, there is satisfactory agreement
between experiment and computation for soot peak value (about
5 � 106) for the present range of experimental flow rates.

For a global description of soot production along the x axis, the
soot volume fraction is integrated over the soot layer, as follows:

Fsoot�x	 �
Z
zmax�x	

z�0
fsoot�x; z	 dz (25)

whereZmax�x	 is the height, and sofsoot�x; z	 � 0 for z > Zmax�x	 at a
given x. Three oxidizer (Vox � 0:06, 0.125, and 0:25 m=s) and fuel
(VF � 0:003, 0.004, and 0:005 m=s) velocities overlapping the
range of those used in the experiments [8] are discussed for their
effects on Fsoot. The simulations reproduce the aforementioned
sensitivity of the experimental soot formation to both Vox and VF. A
decrease of Fsoot from 60 to 30 � 106 �mm (see Fig. 6) is induced
with an increase of the oxidizer flow velocity Vox from 0.06 to
0:25 m=s at a fuel-injection velocity of 0:005 m=s. An inverse
dependence of the soot formation on the mainstream flow is
predicted, and these tendencies are consistent with the experimental
observation of Konsur et al. [4]. An enhancement ofFsoot (see Fig. 7)
from 20 to 38 � 106 �mm occurs with an increase of the fuel-
injectionvelocityVF from 0.003 to 0:005 m=s at an oxidizer velocity
of 0:25 m=s. The peak values of the integrated soot volume fraction
are located far away from the trailing edge (x=Lp > 1). Note that the
extent of themeasured soot is always within the zone of x=Lp < 3. In
the experiment, the sooting behavior of the flat-plate laminar
diffusion flame is characterized by using the laser-induced incan-
descence (LII) technique. The basic principle of LII relies on the
detection of the thermal radiation from the soot particles that have
been heated up to vaporization temperature by means of high-energy
laser pulse. LII measurements require correction, due to attenuations
of both the laser beamand the collected signal. After evaluation of the
extinction, LII intensity image is converted to a soot volume fraction
distribution. The accuracy of soot concentration depends on the
accuracy of the proportionality constant. In addition, for the low fuel-
injection velocity of VF � 0:003 m=s, the flames considered have

a) Calculated isocontours of the temperature (side view)

b) Disposition of the fuel zone (top view)

Fig. 3 Computational domain and the coordinate system.

Fig. 4 Isocontours of temperature and soot in the cross section at the

trailing edge.
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the particularity of being mostly two-dimensional. For high VF, the
flames considered develop strongly three-dimensional features far
away from the trailing edge, affecting the collected signal for LII.
This analysis is supported by the fact that the predicted soot profile
closely follows the experimental trend for the low fuel-injection
velocity of 0:003 m=s, because the soot formation occurs within the
extent of the collected signal for LII. For the fuel-injection velocity
beyond 0:004 m=s, the general shape of the predicted soot profiles
has qualitative agreement with the experimental data. The error in
numerical simulation is linked to the constants used in the semi-
empirical soot model, which are experimentally determined for a
given configuration. Generally, only a qualitative agreement with the
measured soot volume fraction is achieved by using these standard
constants [17]. It is felt that the difference is due to a combination of
experimental uncertainties and the error in the numerical simulation.

The effect of radiation on the geometric characteristics of a
cocurrent flame is evidenced in Figs. 8a–8c. Here, the predicted
visible flame shape is defined as the 600�C contour below which
radiation loss is too low to affect theflame, and this definition appears
to be very close to the experimental visible flame [7,8]. The
experimental flame (see Fig. 8c) detaches from the trailing edge, and
the leading edge remains attached to the burner surface with a
parabolic nature. The experimental flame shape is correctly held by

taking into account the radiation loss through the PAH inception
model (see Fig. 8b). In the absence of radiation loss (see Fig. 8a), the
disagreement between experiment and prediction is carried through
the entire flame, becoming most evident in the quenching or extinc-
tion region near the trailing edge. This implies that the geometrical
characteristics of the flame are significantly influenced by the soot
formation through the radiation heat transfer.

For describing the effect of injection in the boundary layer with
blowing, a dimensionless volume coefficient Cq � VF=Vox, defined
by Schlichting [32], is currently employed. This case is selected in
this demonstration to clearly illustrate the peak temperature
dependence on Cq at the trailing edge for two different oxygen
concentrations. Both of these measured and predicted values are
presented in Fig. 9. Brahmi et al. [14] argued that thermocouples
perturb the flame, and thus the measured flame temperatures (550�C
atXO2 � 0:21 and 650�C atXO2 � 0:35) clearly deviate from the real
flame temperature. According to the prediction, this characteristic
temperature at the trailing edge is strongly dependent on both XO2

andCq, and a temperature drop of approximately 300�C occurs with
a decrease of oxygen concentration from 0.35 to 0.21 at Cq � 0:08.
The general characteristics of the flame temperature at the trailing
edge include an initially gradual reduction in temperature level with
Cq, followed by a rapid decrease in temperature until quenching. An
increase in oxygen concentration magnifies the discrepancy between
experiment and prediction, which reaches a maximum for the
lowest Cq.

Figure 10 shows the ratio df=db between the flame standoff
distance df and the boundary-layer thickness db. Here, we use the
visibleflame shape (T > 600�C) to define the horizontalflame length
Lf from the leading edge (see Fig. 3). The flame standoff distance df
is the distance between the plate and the flame sheet, where oxygen
and fuel is delivered in stoichiometric proportions corresponding to
themaximumheat release rate (HRR). This thicknessdb is defined as
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the distance above the surface, where the parallel component of
velocity reaches 99% of the main flow velocity. The flame leading
edge is positioned very close to the porous-plate edge, and the flame
establishes inside the viscous boundary layer (df=db < 1), denoting
the importance of diffusion there. For Cq beyond the value of 0.02,
the 3-D effects behind afinite fuel zone [9] are of importance, and as a
consequence of the lateral entrainment, the flame is significantly
lifted above the boundary layer (df=db > 1). Both thermal expansion
and interacting flow between fuel and oxidizer become less obvious,
as Cq is below 0.02, and thus the two-dimensional flow structure is
approximate. In this case, after heat release ceases (i.e., after
quenching), heat dissipation causes the flame temperature and
magnitude of the ratio df=db to decrease until the flame migrates
toward the boundary layer (df=db < 1) at x=Lp > 3.

B. Flame Behavior Along a Semi-Infinite Fuel Zone (LP !1)

Most of the work [13,32,33] in a reactive boundary layer with
blowing concentrated on the description of flame standoff over a
semi-infinite fuel surface (LP !1). This case is also selected in this
demonstration to clearly illustrate the effect of radiation on the flame
characteristics over a large fuel size. For low-Reynolds-number flow,
two regimes have been clearly identified by Rouvreau et al. [9]. For

larger values ofCq (greater than 0.08), the parietal injection can lead
toflow separation. Flow separation is characterized by a recirculation
pattern at the trailing edge of the injector, which invalidates the use of
boundary-layer approximations. In the case of flow separation,
diffusion flames can only be described with a formulation that makes
full account of the three-dimensionality of the flow. For the present
study, lowvalues ofCq (� 0:08) are considered, and theflow remains
attached. Therefore, the different assumptions used within the
boundary-layer formulation should be validated for conditions in
which there is no separation. For the flame considered here, thermal
radiation has a major influence on the flame structure. Particularly,
the presence of soot particles in the combustion gas mixture greatly
enhances radiation from the flame. Figure 11 shows the ratio df=db
between the flame standoff distance df and the boundary-layer
thicknessdb atXO2 � 0:35. As x increases along an infinite fuel zone,
both df and db move away from the plate into an area of higher
velocity, and the ratio df=db converges to one single curve and
toward a constant value of 1.2, implying that the flame sheet crosses
the momentum boundary layer. An asymptotical solution from the
reactive boundary-layer model [13] suggests that the flame always
resides within the boundary layer, and it still seems incapable of
predicting this type flame. The works of Andreussi [34] concluded
that the Shvab–Zel’dovich analysis is only adequate for freestream
velocities higher than 1:2 m=s. Consequently, the natural constraints
imposed by buoyancy in the absence of radiation heat transfer
prevent complete validation of this model.

Figure 12 shows the dependence of boundary-layer thickness on
both Cq and the oxygen concentration. This shows that the flow is
deflected at the leading edge by thermal expansion. Although the
flow never comes back to its original streamlines, it gains linear
dependencywith x. Initially, the boundary layer versus x-axis curves
monotonically decreaseswith reduction inCq, but forCq below 0.02,
it levels off, despite the oxygen concentration. This evidences an
uncoupling of the momentum boundary layer from thermal
expansion, due to heat combustion as the oxygen concentration
increases.

Figures 13a–13c show the effects of radiation heat transfer on
flame length Lf and its standoff distance for two different oxygen
concentrations (XO2 � 0:21 and 0.35) as a function of Cq. As large
soot is formed far away from the leading edge, resulting from flame
expansion, the effect of radiative loss on the flame close to this region
becomes less significant. Energy release from an exothermic
chemical reaction leads to a further enhancement of the flow
perturbations at the leading edge of the burner, which defines a region
in which the streamwise flow is deflected from the flame region.
Thus, with or without radiation, the flame leading edge is positioned
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very close to the porous-plate edge, showing the parabolic nature of
this region, due to absence of the streamwise flow. The curvature of
the leading edge is more pronounced for Cq beyond 0.02, and below
this value, the visible flame is characterized by a small curved zone
close to the leading edge. The flame is fully detached from the burner
downstream, implying the lack of oxygen inside the boundary layer,
followed by a linear zone. The discrepancy grows with the
downstream distance from the leading edge, and the flame standoff
distance is much larger, as the flame is adiabatic. Without radiation
(see Fig. 13a), an infinite flame length along the fuel zone (LP !1)
is numerically reproduced, independent of Cq. When the flame
quenching occurs, the flame stops consuming reactant, and so
excessive fuel is accumulated. Thus, this diffusion flame is open-tip,
because quenching occurs due to radiation loss before the fuel is fully
consumed. It is found that a decrease of Cq results in an increase in
the flame length (see Fig. 13b), due to reduction in soot formation
(see Fig. 6). The flames converge to the same standoff distance as x
increases for Cq < 0:02. The oxygen concentration seems to have
little effect on the inclination of the flame close to the leading edge,
but as the distance downstream increases, both flames at XO2 � 0:21
and 0.35 are significantly different. The results indicate that less
distance is required to reach the quenching at XO2 � 0:21, which
occurs at x� 0:05 m forXO2 � 0:21 and at x� 0:12 forXO2 � 0:35
at Cq � 0:08, for example. That means that for low oxygen
concentration, and thus lower temperature, the flame enters the
quenching earlier. An increase in oxygen concentration still leads to a
larger standoff distance, showing that diffusion is less important than
expansion and convection. For Cq below 0.02, thermal expansion
dominates, and hotter flames at XO2 � 0:35 have a larger standoff
distance than colder flames at XO2 � 0:21. As the experimental
observation [7,8], the predicted flame standoff distance is an order of
magnitude larger than that predicted by a Shvab–Zel’dovich
analysis, as described by Emmons [33] for a reacting boundary-layer
flow with blowing.

When convection, natural or forced, carries soot toward the flame,
soot-particle trajectories approximately follow the gas movement,
and so it becomes incandescent and glows or burns. When diffusion

or thermal expansion dominates, soot particles cannot approach the
flame, due to the thermophoretical effects. This simple explanation
seems to well describe the experimental observation of Fujita et al.
[35] for a laminar boundary-layer diffusion flame in microgravity.
Figure 14 shows an illustration of the predicted ratio dsoot=db
between the soot standoff distance dsoot and the boundary-layer
thickness db along a semi-infinite fuel zone. Note that the location of
the soot formation for such flame is practically independent of both
the fuel size and oxygen concentration. Contrary to the flame
standoff distance (see Fig. 13), the maximum soot formation always
occurs inside the boundary layer (dsoot=db < 1) far away from the
stoichiometric line. This is evidenced by a significant deviation of
soot particles from the stoichiometric line, due to the dominant
thermal expansion that prevents soot particles approaching theflame.
The peak soot production is placed just over the plate surface in the
fuel-rich zone (see Fig. 5), and its location does not follow the
response of flame standoff to changes in mainstream parameters.
Numerical simulations incorporating the soot formation confirmed
the preceding experimental observations [7,8].

C. Influences of Soot Formation on the Flame Behavior

Gas-phase quenching or extinction phenomena are often
described using the Damköhler number, which is the ratio of a
characteristic residence time �re over a characteristic chemical
time �ch:

Fig. 12 Boundary-layer thicknesses over a semi-infinite fuel zone for

different Cq.

Fig. 13 Flame standoff distance and its length along the x axis for

different Cq.
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(26)

The effect of soot formation on theflame temperatureTf, which is the
dominant factor in Eq. (26), is presented in Fig. 15. It can be seen that
without radiative heat transfer, an adiabatic flame temperature of
2000�C is numerically reproduced. As radiative losses are dominant
for this heavily sooting flame, the temperature rise occurs behind the
leading edge, because less soot is formed until the temperature
continuously falls off, due to large soot formation. A temperature
drop implies longer chemical times, and thus lower Damköhler
numbers, until quenching occurs around a soot concentration of
Fsoot 
 50 � 106 � mm, consistent to the smoke-point concept [4,5].
This critical Fsoot is of great importance for evaluating the flame
length of a cocurrent flame spread. In contrast to extinction at small
Damköhler numbers, the end of heat generation for these flames is
due to soot formation resulting from flame expansion through
radiation losses.

Radiative extinction for such a flame is unlikely in normal gravity,
because buoyancy enhancesmixing and reduces residence times, and
so the radiative loss fraction is below 0.1. In the absence of natural
convection, radiative loss becomes the primary variable triggering
reactive zone [3]. The radiative fraction, QR=Q, where QR is the
radiative heat loss rate andQ calculated heat generation rate is plotted

versus Cq in Fig. 16 for two fuel sizes (Lp � 0:05 m and LP !1)
and oxygen concentrations (XO2 � 0:21 and 0.35). Because the
radiative heat loss is a temperature-sensitive volumetric loss
mechanism, the loss rate depends on the volume of the high-
temperature region, which is given approximately by

Vf;visible � Lf � �f �Wf (27)

where �f and Wf are, respectively, the visible flame thickness and
width. The plot ofQR=Q indicates that in all cases, this ratio is higher
than 0.4 and increases rapidly with Cq but then slowly for large Cq
(greater than 0.04). Thus, radiative quenching can be important in
microgravity. For such quasi-steady flames, the stronger the oxygen
concentration, the greater the radiation loss, due to increase in flame
volume (see Fig. 13), which is proportional to the oxygen
concentration. An important observation of this work is that the ratio
QR=Q is solely a function of XO2 at a fixed Cq and is practically
independent of the fuel size Lp. The combustion efficiency (see
Fig. 17), which is determined from the ratio Q=QT (where QT �
_m00sLpWpHc denotes the theoretical heat release rate), decreases
monotonically withCq. An interesting feature of this figure is that an
improvement of combustion efficiency is driven by a finite fuel size
(Lp � 0:05 m) as a consequence of the lateral entrainment behind a
finite fuel zone. Thework of Rouvreau [9] confirmed the presence of
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a 3-D flow pattern generated by the fuel injection through a finite fuel
zone. A semi-infinite fuel zone (LP !1) eliminates the re-
circulation zone at the trailing edge of the injection zone and, as a
consequence, reduces the oxygen supply to the boundary layer,
resulting in a dramatic reduction in combustion efficiency. On the
other hand, the combustion efficiency falls off with a reduction in
oxygen concentration, despite the fuel size.

The flame is deflected at the leading edge by thermal expansion
with a parabolic nature, but once this deflection has occurred, it gains
the linear dependency with x. As an illustration, following the
assumption of the pioneering work [2] related to a diffusion flame in
microgravity, the flame standoff is approximately described by a
straight line (see Fig. 3a), with a slope defined by the expression
tan 
� df=Lf . As shown in Fig. 18, a reduction of Cq results in a
decrease in the flame slope, which thus approaches the fuel surface,
denoting the importance of diffusion. At this point, fuel and oxidizer
are transported toward themixing zone by convection, butwithin this
zone, diffusion determines the flame location. The predicted flame
thickness " is calculated from the zone where oxygen and fuel are
delivered in stoichiometric proportions corresponding to the
maximum HRR. The characteristic time is defined as ��
S"2=DYo;1, where S is the stoichiometric oxidizer-to-fuel ratio by
mass, implying that fuel and oxidizer need to diffuse in
stoichiometric proportions through the flame thickness ". As shown
in Fig. 19, the predicted flame thickness changes slightly with the
mainstream parameter; for all values of fuel and oxidizer velocities
studied, "
 1:2 mm and thus � 
 0:22 s. That means that the
reaction between the z components (see Fig. 3a) of fuel,VF cos 
, and
oxidizer, Vox sin 
, occurs in a reaction zone of approximately
1.2 mm in a period of about 0.22 s. However, thickness �f of the
predicted visible flame (600�C contour), as shown in Fig. 20,

strongly depends on themainstream parameter. Along a semi-infinite
fuel zone, thickness �f increases first to a maximum value of 14 mm
and then decreases toward zero. It is found that the maximum
thickness �f is about 13 times that offlame sheet ", independent of the
mainstream parameter. In the x direction (see Fig. 3a), oxidizer and
fuel separate from each other with a velocity given by Vx0�
Vox cos 
 � VF sin 
. The ratioR� "=�Vx0 tells us if fuel and oxidizer
arriving parallel to the x axis will react (R > 1) or if oxidizer will
escape before being able to react with the fuel (R < 1). Evolution of
the ratio R as a function of Cq (see Fig. 18) indicates that its value is
much lower than 1, implying that fuel accumulates at the stoi-
chiometric line. The extent of the fuel accumulation is determined by
the distance the oxidizer can be convected along the stoichiometric
line before it can diffuse a distance "; therefore, it can be
approximately determined by Lext � �Vox cos 
. The value of Lext is
inversely proportional toCq and ranges from1.5 cm for the largestCq
to 6 cm for the smallest one. Figure 21 shows the predicted length of
the reactive zone for two different fuel sizes (Lp � 0:05 m and
LP !1) and oxygen concentrations (XO2 � 0:21 and 0.35).
Figure 21 shows that the reactive zone is proportional to the extent of
the fuel accumulationwith a proportionality constant that depends on
the fuel size and oxygen concentration. In the simulation, the reactive
zone is established as the locus of the peak energy release zone,
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corresponding to a peak temperature of about 1100 K, which is
significantly lower than for kinetic extinction. Themeasured reactive
length is available only at XO2 � 0:35 and Lp � 0:05 m and is
presented in Fig. 21 as a reference. Note that the visible flame length
(see Fig. 13) does not necessarily match the reactive zone, due to the
presence of soot with the high temperature level (T > 600�C). Thus,
the reactive zone has a shorter length than that of a visibleflame. Both
experiment and numerical computations show that length of the
reactive zone decreases monotonically with a reduction in Cq,
despite the fuel size and oxygen concentration. The radiative fraction
increases with Cq (see Fig. 16), and the combustion efficiency
decreases (see Fig. 17), such that reduction in reactive zonewithCq is
a consequence of a gradual increase in radiation loss coupled with a
gradual decrease in combustion efficiency. At low oxygen
XO2 � 0:21, a large fuel size (LP !1) has a shorter reactive
length, implying that flame extinguishes earlier than at XO2 � 0:35,
due to a dramatic reduction in combustion efficiency. Despite the
oxygen concentration, the reactive zone exceeds a finite fuel zone
(Lp � 0:05 m) at the trailing edge, reaching a length of about 2Lp for
the lowest value of Cq; due to the high combustion efficiency, even
the flame suffers more radiative loss.

IV. Conclusions

This numerical study highlights the importance of soot formation
on the quenching of amicrogravity diffusionflame established over a
flat plate. The soot inception is controlled by the benzene formed
from acetylene, and the behavior of the soot production as a function
ofCq is reasonablywell predicted by using the PAH inceptionmodel.
The major findings are as follows.

1) For a low-Reynolds-number reacting flow in microgravity, the
flame establishes outside the viscous boundary layer, whereas the
soot resides within the boundary layer far from the stoichiometric
line, implying that diffusion is less important than expansion and
convection.

2) A large Cq favors soot formation and, consequently, flame
quenching, due to a significant radiative heat loss.

3) The diffusion flame is open-tip, because quenching occurs
before the fuel is fully consumed, and so fuel accumulates at the
stoichiometric line.

4) As a consequence, the visible flames (T > 600�C) significantly
exceed at the trailing edge for Cq below 0.02, reaching a length of
greater than five times the fuel zone. Maximum visible flame
thickness is about 13 times that of the flame sheet, independent of the
mainstream parameter. A maximum in both the visible flame length
and thickness for oxidizer velocities below those encountered in
natural convection represents a greater hazard for fire safety in
spacecraft.

5) The radiative loss fraction is solely a function of oxygen
concentration at a fixedCq, and is practically independent of the fuel
size. The combustion efficiency also falls off with a reduction in
oxygen concentration, despite the fuel size.

6) Radiative heat losses can drive flame quenching, and the heat
release rate decreases as the oxygen concentration decreases.
Therefore, at low oxygen concentration, it is this combination that
leads to earlier quenching.

These results are valid only for gaseous fuel and oxidizer and
should not be directly extrapolated to condensed-fuel burning.
Condensed-fuel vaporization has a stronger effect on the structure of
the flow only downstream of the leading edge. Coupling between
heat feedback from the flame, fuel supply, and flame geometry create
an insurmountable difficulty during the parabolic flight. Ongoing
work will account for the PAH inception model for predicting flame
spread over a condensed-fuel surface in microgravity.
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