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Convective and Radiative Coupling in a Burner-Supported
Diffusion Flame

O. A. Ezekoye* and Z. Zhang†
University of Texas at Austin, Austin, Texas 78712

A computational investigation of the in� uences of convective and radiative coupling on the total ra-
diative transfer and burner characteristics for a burner-supported diffusion � ame are carried out. By
coupling the soot and gas phase chemistry with radiative heat transfer processes, detailed effects of
radiation from both the soot and gas phase species on the � ame dynamics can be examined in a transient
microgravity spherical acetylene– air diffusion � ame. The gas phase reaction is modeled by one-step
chemical kinetics. The soot reaction mechanism includes nucleation, surface growth, oxidation, and co-
agulation steps. The radiation from both soot and the gas phase species are calculated by employing a
spherical harmonics (P-1 approximation) model. The local Planck mean absorption coef� cients of the
radiatively participating species are speci� ed in the computations. Unlike normal gravity acetylene– air
steady-state jet diffusion � ames in which the radiative emission from soot is signi� cantly larger than
from gas species, it is found that for a microgravity diffusion � ame, except at very early times, the
radiation from the gas products exceeds soot radiation.

Nomenclature
A = pre-exponential constants in reaction rate

expressions
As = soot surface area per unit volume
a, b, c, d = exponent constants in the reaction rate

expressions
ap = Planck mean absorption
B = temperature-dependent constant in reaction rate

expression
Ca = agglomeration rate constant
Cmin = number of carbon atoms in the incipient carbon

particle
C2 = Planck’s second constant
cp = speci� c heat
D im = diffusion coef� cient of species i relative to

mixture
E = activation energy
fv = soot volume fraction
G = irradiation
h = total enthalpy

0h f = heat of formation
k = constant, Arrhenius reaction rate
NA = Avogadros’ number
Nc = soot particle number density
qr = radiative heat � ux
R = universal gas constant, radius of combustor
r = radial coordinate, reaction rates associated with

soot reaction
S = source term in the conservation equation
T = temperature
t = time
u = velocity
VÇ = volumetric � ow rate
V i = diffusion velocity of species i
W = molecular weight
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Y = mass fraction
= agglomeration kernel
= fuel-dependent radiative constant
= thermal conductivity
= dynamic viscosity
= density
= Stefan– Boltzmann constant

Ç = reaction rate

Subscripts
c = associated with soot
F = fuel
g = gas
i = ith species
t = total
th = thermophoretic
0 = standard state

Introduction

N ONPREMIXED � ames are used in a range of technolo-
gies in which their radiative heat transfer characteristics

are of great importance. A dif� culty in simulating these � ames
is the required coupling between the condensed phase (soot)
and gas phase chemical kinetics when considering the effects
of radiative thermal transport. Most previous studies on soot-
ing diffusion � ames related the soot reaction rates to a con-
served scalar, the mixture fraction. The gas phase concentra-
tions as well as temperature were then typically interpolated
from a property map, which exclusively relies on experimental
measurements for individual � ame con� gurations.1– 5 Radiative
transport was often incorporated into the energy equation by
modifying the sources in the energy equation with a radiation
loss fraction.6 In a study by Sivathanu and Gore,7 the radiation
effects on soot kinetics in a laminar acetylene/air diffusion
� ames were studied. A gas phase mixture fraction equation is
solved together with the energy equation where the gas phase
mass fractions are interpolated from the state relationships. The
gas phase kinetics and soot kinetics were therefore decoupled
and thermal effects associated with radiative cooling were in-
capable of modifying the gas phase species evolution. In recent
work by Ezekoye and Zhang8 the implications of the under-
lying assumptions within soot formation and oxidation models
were investigated; the gas phase mass fraction equations, soot
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mass fraction, and number density equation and energy equa-
tion with radiation effects were solved in a fully coupled man-
ner. The � ame geometry that was simulated in that study was
a microgravity diffusion � ame where measurements had been
made by Atreya et al.9 In Ref. 8 effects of OH oxidation on
the soot distribution as well as effects of the soot agglomera-
tion model were discussed in detail. That study is typical of
sooting � ame computational studies where the emphasis has
been on the description of the soot chemistry models. Rela-
tively few studies consider the effects of the heat transfer pro-
cesses on modi� cations to the � ame structure.

In the present study, a more detailed analysis is made of the
burner previously characterized by Atreya et al.9 As with the
previous study,8 this study numerically investigates the effects
of radiation from both the soot and the gas phase on the soot
kinetics in a transient microgravity spherical acetylene/air dif-
fusion � ame by fully coupling the soot, gas phase chemistry,
and radiation. The gas phase reaction is modeled by a single-
step reaction, and the soot reaction mechanism includes nucle-
ation, surface growth, oxidation, and coagulation steps.6,10 The
radiation from both soot and the gas phase are considered and
calculated by employing a spherical harmonics (P-1 approxi-
mation) model. Unlike the previous study where the heat trans-
fer processes were not investigated in detail, this study more
rigorously treats the heat transfer coupling. As an example, in
Ref. 8 a constant Planck mean absorption coef� cient was used
for the gas phase species, whereas in this study, the Planck
mean absorption coef� cients of all gas phase products are
speci� ed as functions of temperature and local gas concentra-
tion.11 The use of more detailed radiative transfer properties
affects the prescription of the soot chemistry (in particular, the
soot oxidation rates). Further, more detailed � ow and heat
transfer characteristics of the burner are discussed within this
study and interesting couplings between the convective and
radiative transfer to the burner are noted.

Theory
Governing Equations

In the experiments of Atreya et al.9 a porous spherical burner
was used to produce a low strain rate spherical diffusion � ame
in a microgravity environment. The experimental system is
modeled in this study by formulating a one-dimensional, un-
steady diffusion � ame in spherical coordinates. The equations
governing the combustion process are the following:

Mass conservation equation

2 2( r ) ( ur )t t
= 0 (1)

t r

Gas phase species conservation equation

Y Yi i2 2 2r u = Ç r ( Y V r ) (2)t i t i i
t r r

Gas phase energy conservation equation

K
T T T2 2 2c r u = r q r Ç ht p r i i
t r r r i=1

K
T2 0 0 2r Y c V ( S h S h )r (3)t i pi i c f 0 f,F c0x f,c0ri=1

Soot mass fraction conservation equation

Y Y Yc c c2 2 2r u = r u Y r St t th c Yct r r Sc r
(4)

Soot particle number density equation

N N Nc c c2 2 2r u = r u N r St t th c Nct r r Sc r
(5)

where the total enthalpy of species i is

T

0h = h c dT (6)i f i pi

T0

The fourth term in the right-hand side of the energy equation
approximates the enthalpy transfer during the phase change
process.7 Sc is the Schmidt number of the soot species and is
speci� ed to be 1000. The Schmidt number is approximately
1000 for spherical aerosol particles with a diameter of approx-
imately 20 nm.12 Although the soot particles in this study are
larger than 20 nm, it is found that the numerical scheme util-
ized (power law treatment of convective terms) introduces
numerical diffusion of the same order as the Schmidt number
of 1000. Thus, specifying larger values of the Schmidt num-
ber would not affect the perceived diffusion of the soot spe-
cies. All thermodynamic properties such as species total en-
thalpy, species speci� c heat capacity, gas phase mixture
density (which obeys the ideal gas law), are evaluated from
CHEMKIN-II.13 The transport properties such as species dif-
fusion coef� cient, diffusion velocity, mixture thermal conduc-
tivity, mixture dynamic viscosity are evaluated from a gas-
phase multicomponent transport properties package.14

For soot mass fraction and soot particle number density
equations, the velocity includes a thermophoretic component.15

Initial and Boundary Conditions

A fuel stream exits from a spherical porous burner of radius
1.09 cm surrounded by quiescent air. The fuel mass � ow rate
is maintained at 20 cm3/s. The initial mixture fraction pro� le
is assumed to be in the form of complimentary error function,
with the mixture fraction speci� ed to be unity at the burner
surface, and the stoichiometric value at r = 1.4 cm, which is
taken from the experimental results, to be the initial � ame
location. The calculation domain is from r = 1.09 to 9.09 cm.
The pro� les of major species mass fraction and temperature at
the initial time are interpolated as functions of mixture fraction
from the experimental data of Skinner16 and Gore and Skin-
ner.17 The boundary conditions at the sphere surface are

ÇV f
= u (7)r=R

A

ÇV Yf F(Y Y ) = D (8)F FR Fm
A r r=R

NÇV T Yf i(h h ) = q h DR r r=R i imA r ri=1r=R r=R

(9)

The boundary conditions at r = 9.09 cm are zero � ux for all
dependent variables.

Solution Procedure

The conservation equations are solved by a control volume
� nite difference scheme. The velocity is obtained from the
conservation of mass equation. All of the thermodynamic prop-
erties are obtained from the CHEMKIN-II package.13 The
transport properties are calculated from the multicomponent
transport properties package.14 The total density (gas phase and
soot) is obtained by a local homogeneity assumption.18 The
species mass fraction equations, soot mass fraction conserva-
tion equation, soot number density conservation equation,
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Fig. 1 Scalar dissipation rates are presented in mixture fraction
space at different times. Stoichiometric mixture fraction value is
approximately 0.07. Fuel � ow rate is 20 cc/s and burner emissivity
is unity (baseline condition).

equation of state, and energy equation are solved iteratively at
each time step. Continuity is satis� ed by requiring that the
summation of all species mass fractions including soot be
equal to unity. To obtain a converged solution, an adaptive
time-stepping routine based on the peak reaction rate magni-
tude is used. The convergence criterion is satis� ed by restrict-
ing the relative errors of all independent variables to be less
than 10 3 for each time step. Two criteria were used to evaluate
the grid resolution. First, it was imperative that the grid be � ne
enough to resolve the reaction zone thickness. Second, the ef-
fects of additional grid re� nement were determined by reduc-
ing the mesh size from 0.02 to 0.016 cm, resulting in less than
1% difference between the two solutions. All calculations were
then made using the 0.02-cm mesh size.

Soot Kinetics

The soot kinetics mechanism includes soot nucleation, sur-
face growth, oxidation, and particle coagulation steps.6,10 The
soot reaction rate terms of Fairweather et al.10 are employed
in this work. The rate constants are not included here and can
be found in Ref. 10.

The sources in the soot mass fraction include the nucleation,
surface growth, and O2 oxidation rate terms, respectively,

S = k [C H ]W k A [C H ]W k A [O ] (10)Y i 2 2 c ii s 2 2 c iii s 2c

where As is

1/3 2/3 2/3 1/3A = 6 f ( N )s v c

It should be noted that as in Ref. 10 the number concentration
is de� ned to be number of particles per mass of mixture. The
sources in the soot number density equation include the nu-
cleation and agglomeration rate terms

2 1/6 1/6 11/6S = (2/C )N k [C H ] W Y N (11)N min A i 2 2 t c c cc

where

1/6 1/2= 2C [6W / ] [6kT/ ]a c c(s) c(s)

is the agglomeration kernel. The soot kinetics rates and asso-
ciated constants from Fairweather et al.10 are used without
modi� cation in this study. In that study, the number of carbon
atoms in the incipient carbon particle Cmin is speci� ed to be 9

10 4, and as a result the incipient carbon particles have radii
of 60 nm. Ca is 3.0, NA is 6.022 10 26 particles kmol 1, k
is 1.381 10 23 JK 1, c is 2000 kg m 3, and Wc is 12 kg
kmol 1.

A single-step reaction mechanism for acetylene/air � ame of
Westbrook and Dryer19 was employed in this study.

Radiation Model

Several comparisons are available in the literature showing
the accuracy of the P1 approximation against higher level ap-
proximations. The P1 deviates most at extreme values of the
optical thickness (maximum deviations of 20%) and is quite
accurate otherwise.11 For the most part, the � ame that we sim-
ulate has an optical thickness close to unity where the P1 is
not such a poor approximation. For a pure radiation problem
errors in the heat � ux of order 10% are often undesirable, but
for a combustion problem where radiative transfer may in� u-
ence temperatures by approximately 30%, the errors in the
radiative transfer model of order 10% only contribute to 3%
errors in the overall combustion dynamics and are acceptable.

For nonscattering conditions, the governing equation for the
P1 or differential approximation reduces to the form

2 4G = 3(G 4 T ) (12)

where is the optical depth. The net radiation � ux is related
to the irradiation by

1–q̄ = G (13)r 3

The boundary condition for G equation is given by

2–[(2 )/ ] n̂ G G = 4 T (14)3 bw

where Tbw and are the temperature and the emissivity at the
boundary, respectively. The Planck mean absorption coef� cient
of the soot species can be shown to be

a = 4 f T/C (15)p,s v 2

where is a fuel-dependent constant, C2 is Planck’s second
constant, is a Stefan– Boltzmann constant, 20 and fv is the soot
volume fraction. The mean absorption coef� cient of each gas
species, ap,g is determined from experimental Planck mean ab-
sorption coef� cient data as a function of temperature and par-
tial pressure.11 The total extinction coef� cient is then given by

a = a a (16)p p,s p,g

Results and Discussion
The microgravity burner of Atreya et al.9 provides an inter-

esting low strain rate diffusion � ame con� guration to investi-
gate the interaction of soot chemistry and heat transfer pro-
cesses. The baseline condition that is investigated corresponds
to a fuel � ow rate of 20 cc/s and a burner emissivity of unity.
For all cases, the spherical geometry allows the � ame to self-
stabilize toward low strain conditions. Figure 1 shows the sca-
lar dissipation rate, = 2D Z 2, in mixture fraction space at
three different times. At the earliest time (t = 0.001 s), is of
order 20 s 1, which corresponds to a relatively high strain rate
condition. Much in the same way that a lifted jet � ame seeks
values of the scalar dissipation below the extinction value, the
reaction zone in the spherical burner also relaxes toward lower
values of the strain rate. Eventually, at the � ame sheet be-
comes order unity and the � ame trajectory in physical space
is shown to become quasisteady. Scalar dissipation values for
various � amelets are speci� ed in Peters,21 and a recent theo-
retical paper of Chan et al.22 examined methane � amelets over
a range of scalar dissipation rates to show radiation effects on
� ame structure. Velocity pro� les are shown in Fig. 2. At the
earliest time shown, there is chemical heat release-induced
� ame expansion. An interesting and somewhat counter-intui-
tive effect is shown in the velocity pro� les. The velocity is
computed from conservation of mass given the low Mach
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Fig. 5 Spatial distribution of gas (symbols) and soot (no symbols)
Planck mean absorption coef� cients are presented at different
times for baseline condition.

Fig. 4 Flame sheet location based on maximum temperature is
compared with experimental results: VÇ = 20 cc/s and = 1.

Fig. 3 Computationally predicted soot total mass time history is
compared with experimental results from Atreya et al.9: VÇ = 20
cc/s and = 1.

Fig. 2 Velocity pro� les at different times are shown in physical
space for baseline condition.

number approximation. As a consequence of the phase change
process (fuel conversion to soot) and the radiative cooling, the
velocity actually reverses. This negative velocity seen at t =
0.001 and 0.125 s is a direct result of the combined effects of
rapid density increases (associated with soot formation) and
the radiative cooling. For the t = 0.125-s case it is also ob-
served that radiative heating in the post� ame gases serves as
a source that increases the expansion velocity. The velocity
structure observed in this geometry has quite interesting fea-
tures that require further experimental con� rmation.

As a benchmark for these calculations, Fig. 3 shows the
computational soot mass as a function of time as compared
with experimental data. It is noted that the model of Fair-
weather et al.10 underpredicts the soot mass by approximately
25% at the peak soot value. In the case that is shown, the soot
model parameters have not been adjusted. This result is dif-
ferent from that presented in our previous work.8 In that study
the gas Planck mean absorption coef� cients were taken to be
a constant value, and although the soot average temperature
pro� les were reasonably well predicted (within 20% of the
experimental values), the soot mass could not be predicted as
well without the addition of an OH oxidation mechanism to
the soot kinetics. In the present study it was found that addition
of the OH oxidation step does not signi� cantly modify the soot
oxidation process. This effect is a result of the improved tem-
perature predictions (within 5% of experimental results), which
are associated with the use of more detailed radiative property
data. The implication of this effect is that the in� uence of
radiation modi� cation on the temperature and thus soot kinet-
ics can be signi� cant. It was also noted in Ref. 8 that an in-
herent assumption of the Fairweather et al.10 soot kinetic mech-
anism is that the soot species aggregate/coagulate into volume
effective spheres. This assumption leads to a low soot speci� c
surface area prediction. In Fig. 3 we contrast the predicted soot
mass time history by assuming volume effective agglomeration

and then by assuming no agglomeration at all. It is not sur-
prising that the prediction based on the nonagglomerating as-
sumption overpredicts the soot net growth rate. The � nite con-
nection area between soot primary particles ensures that the
actual soot surface area is between these two limiting assump-
tions.

Figure 4 shows the calculated � ame radius (de� ned by the
maximum temperature) and experimental measurements by
Atreya et al.9 Although the overall shape of the two curves is
similar, there is a nearly constant bias between the computed
maximum temperature and the experimentally speci� ed � ame
radius. This disagreement is attributed both to the necessary
computational assumptions required to specify an experimen-
tally observed � ame radius and also to the dif� culties in sim-
ulating the experimental ignition procedure. In the experi-
mental study, the � ame is ignited at normal gravity (1g)
conditions by hydrogen prior to the drop package being re-
leased (i.e., before g conditions). In the simulations, an initial
mixture fraction pro� le is assumed by matching the stoichio-
metric mixture fraction location to the initial experimentally
reported � ame location at the beginning of microgravity con-
ditions.

The gas species and soot Planck mean absorption coef� -
cients are shown in Fig. 5. Except at earlier times, product
gases mean absorption coef� cients are larger and more widely
distributed in space than soot mean absorption coef� cients.
This is a very important result. The soot radiation is actually
less signi� cant than the gas radiation for much of the com-
putational/experimental time. To show this more clearly, the
CO2 and H2O mass fraction pro� les at various times in the
spatial coordinate are presented in Figs. 6 and 7, respectively.
Combining these � gures with Fig. 8, which shows the tem-
perature distribution, it is concluded that in the microgravity
diffusion � ame, radiation from the product and fuel species
dominates the total radiative output. With increasing time after
ignition, hot unburned fuel and products accumulate in phys-
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Fig. 6 Calculated CO2 species pro� les in physical space are pre-
sented at different times: baseline condition.

Fig. 7 Calculated H2O species pro� les in physical space are pre-
sented at different times: baseline condition.

Fig. 8 Calculated temperature pro� les are presented in physical
space at different times: baseline condition.

Fig. 11 Total soot mass is presented as a function of time for
three � ow rate conditions: = 1.

Fig. 10 Simulated temperatures at two locations are presented
with experimentally measured temperatures as functions of time
(baseline condition).

Fig. 9 Radiation loss fraction (de� ned as a ratio of the total ra-
diative loss rate from the � ame to the chemical heat release rate)
is presented as a function of time: VÇ = 20 cc/s and = 1.

ical space, and the radiation loss fraction reaches values in
excess of 90% of the heat release rate as shown in Fig. 9.

The global features of the experimentally measured temper-
ature pro� les are also reasonably well predicted. As an ex-
ample, two experimentally measured temperatures are com-
pared with the calculated temperatures and presented in Fig.
10. The porous burner surface temperature distribution is pre-
dicted within 10% of the experimental data. An experimentally
measured temperature at r = 2.3 cm from the burner center is
predicted within 17% of the experimental data with uncertain-
ties in the proper computational assumptions limiting this pre-
diction (e.g., it is not known if the temperature measurements
were radiation compensated, etc.).

Flow rate effects are shown in Fig. 11, where the total soot
mass vs time is presented for three different fuel mass � ow
rates (20, 30, and 40 cm3/s). As the fuel � ow rate increases,
the total soot mass increases, except at earliest times (t < 0.1
s), when total soot mass is essentially independent of fuel mass
� ow rate; the fuel concentration is suf� ciently large every-

where. The dependence of the soot mass fraction on the � ow
rate is believed to result from the increased fuel mass fraction
adjacent to the burner at increased � ow rates. At higher � ow
rates, the local fuel mass fraction is increased, and given that
the soot growth processes are roughly linear in the fuel mass
fraction, it is not surprising to see increased soot mass at these
relatively high � ow rate conditions. The fuel mass fraction
pro� les on the spherical surfaces are presented in Fig. 12 for
these three � ow rates. As a theoretical observation, it is noted
in Fig. 12 that the common boundary condition speci� cation
of fuel mass fraction equaling one at the burner would produce
errors in the prediction of the surface mass fraction. Only at
very early times for the lowest � ow rate considered is the fuel
mass fraction equal to unity at the burner surface. Obviously,
with increased � ow rates, the mass transfer Peclet number
would increase to a point where the assumption would always
be valid. For all of the � ow rates considered in this study,
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Fig. 12 Fuel mass fraction at the burner surface is presented as
a function of time for three fuel � ow rate values: = 1.

Fig. 13 Effects of fuel � ow rate on the transient burner surface
temperature are shown with burner emissivity equal to unity.

Fig. 16 Total soot mass variation with time is shown for three
values of the burner emissivity with a fuel � ow rate of 20 cc/s.

Fig. 15 Effects of burner emissivity on the transient burner sur-
face temperature are shown. Fuel � ow rate is 20 cc/s.

Fig. 14 Net radiative heat � ux at the burner surface is presented
as a function of time for three values of the burner emissivity: VÇ
= 20 cc/s.

there are errors in such an approximation. Much in the same
way that the surface fuel mass fraction is affected by the � ow
rate, the surface temperature dependence of � ow rate is shown
in Fig. 13. With varying � ow rate, the surface temperature
shows marked differences in character. At the lowest � ow rate
case, the surface temperature increases considerably during the
transient ignition process and then establishes a quasi-steady-
state value. For the highest � ow rate condition, the surface
temperature initially increases during the transient ignition pro-
cess and then never appears to maintain a quasi-steady-state
value. Instead, the surface temperature begins to decay to what
may be a long-time quasisteady value. The decay for the high
� ow rate condition is caused by the relatively fast rate at which
the reaction zone is blown away from the burner surface. As
a result of the faster expanding � ame, both diffusive and ra-
diative heat � ux interaction between the high temperature areas
of the � ame and the burner are reduced.

A physical parameter that signi� cantly affects the heat trans-
fer response of the � ame-burner geometry is the burner
emissivity. A range of values of the burner emissivity was used
to clarify the radiative heat loss mechanism for this burner
con� guration. The radiant loss from the burner is shown in
Fig. 14 for three representative values of the burner emissivity.
While it is anticipated that the absolute magnitudes of the ra-
diative heat � ux would increase with increasing emissivity, it
is somewhat less obvious that the radiant � ux would be di-
rected away from the burner. Figure 15 shows the burner sur-
face temperature as a function of time for the three emissivity
cases considered. Decreasing the burner emissivity is shown
to increase the burner surface temperature, implying that the
burner is radiatively cooled and conductively heated. A simple
energy balance for a nominal � ow rate value (e.g., 20 cc/s)
establishes that conduction from the � ame sheet to the burner
raises the inlet fuel temperature from 300 K to the surface
temperature 600 K and is redistributed as radiative heat trans-

fer. There are interesting implications for this energy redistri-
bution process. It is known that in large � res radiative transfer
from the soot and � re products toward the fuel base maintains
the � re. For such conditions, it would be desirable to have a
low emissivity/absorptivity surface. On the other hand, for
small-scale � res, both convective and conductive processes
serve to heat and vaporize the fuel surface. From the effects
that are shown in Figs. 14 and 15 it appears that radiative
transfer for some small � ames acts to decrease the rate of
burning of the material in question. Based upon the scale of
the � ame/� re, the heat transfer mechanisms are modi� ed.

Interestingly, the surface radiative � ux does not signi� cantly
modify the soot mass produced by the � ame. The soot mass
pro� les for the three emissivity cases are shown in Fig. 16.
Soot mass is shown to be relatively insensitive to the burner
temperature and emissivity. Somewhat larger amounts of soot
are produced with increasing surface temperature.
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Conclusions
The global features of a microgravity counter� ow diffusion

� ame were simulated using a numerical model that incorpo-
rated the fundamental submodels for a sooting � ame. Both gas
phase and soot chemical kinetics were modeled using rates
available in the literature. Radiation was modeled with a spher-
ical harmonics (P1 approximation) method using individual
species Planck mean absorption coef� cients. An effect of res-
idence time is shown on the magnitude of the gas Planck mean
absorption coef� cient as compared to the soot mean absorption
coef� cient. The accumulation of unburned fuel and product
gases at elevated temperatures increases the total radiative heat
transfer rate for these � ames. The predictions show good
agreement with experimental results.

In these microgravity diffusion � ames, the increased product
accumulation enhances radiative transfer to a point where ap-
proximately 90% of the instantaneous heat release is lost ra-
diatively. This was shown to signi� cantly weaken the � ame
and later reduce the rate of production of soot species.

A signi� cant effect was found in the � ame properties as the
fuel � ow rate was changed. It was found that the effect of
increasing fuel � ow rate was to increase the local fuel con-
centration near the burner and subsequently increase the
amount of soot formed in the system. Additionally, the in-
creased � ow rate was shown to reduce the burner surface tem-
perature.

The burner emissivity was shown to signi� cantly affect the
radiative heat � ux from the burner. For the relatively small
� ames that were considered, the primary heat transfer mech-
anism to the burner was conductive/convective. Radiative
transfer was found to be a cooling mechanism for the burner.
The burner heat transfer characteristics were not found to sig-
ni� cantly affect the � ame internal dynamics.
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