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Abstract Simulations of a laminar coflow methane/air
diffusion flame at atmospheric pressure are conducted
to gain better understanding of the effects of gravity
on soot formation by using detailed gas-phase chem-
istry, complex thermal and transport properties cou-
pled with a semiempirical two-equation soot model
and a nongray radiation model. Soot oxidation by O,
OH and O was considered. Thermal radiation was
calculated using the discrete ordinate method coupled
with a statistical narrow-band correlated-K model. The
spectral absorption coefficient of soot was obtained by
Rayleigh’s theory for small particles. The results show
that the peak temperature decreases with the decrease
of the gravity level. The peak soot volume fraction in
microgravity is about twice of that in normal gravity
under the present conditions. The numerical results
agree very well with available experimental results.
The predicted results also show that gravity affects the
location and intensity for soot nucleation and surface
growth.
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Introduction

A detailed understanding of soot formation and oxida-
tion in flames can lead to improvements in combustion
applications and provide findings relevant to fire safety.
Thus soot research has received considerable atten-
tion in both normal gravity and microgravity (Haynes
and Wagner 1981; Glassman 1988; Ku et al. 1995;
Haggard and Cochran 1972; Greenberg and Ku 1997a,
b; Megaridis et al. 1996; Sunderland et al. 1994; Urban
et al. 2000; Konsur and Megaridis 1999; Lin et al. 1999;
Aalburg et al. 2005; Walsh et al. 2000; Kaplan et al.
1996a). In microgravity, the elimination of buoyancy-
induced flows increases the residence time and
decreases the fresh air supply. This microgravity char-
acteristic strongly affects the soot formation processes
in general leading to longer, wider and sootier flames
than their normal gravity counterparts.

Most studies have focused on experimental inves-
tigations on the soot field structures at microgravity
(Greenberg and Ku 1997a, b; Megaridis et al. 1996;
Sunderland et al. 1994; Urban et al. 2000; Konsur and
Megaridis 1999; Lin et al. 1999; Aalburg et al. 2005)
to elucidate the effects of buoyancy on soot formation.
However, it is difficult to investigate all the aspects that
influence soot formation because of the cost and the
limited number of experiments that can be conducted
in microgravity. Due to the limited weight and space,
only a few compact measurement apparatus can be
used in microgravity environment leading to limited
information from experiment. Thus, modeling the ef-
fects of gravity on soot formation is of significant im-
portance for understanding the influences of buoyancy
on soot processes and flame structure in general. More
recently, Vietoris et al. (2000) and Brahmi et al. (2005)
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conducted studies of a diffusion flame established in a
non-buoyant laminar flat plate boundary layer, which
is closer to a fire scenario aboard a spacecraft. They
focused on the visible emission of the flame and showed
that for low velocity air flows the luminosity of the
flame increased with the oxidizer velocity for both solid
(Vietoris et al. 2000) and gaseous (Brahmi et al. 2005)
fuels. Legros et al. (2006) extended the above studies to
quantify the influence of the oxidizer velocity on soot
concentrations showing that increasing the oxidizer ve-
locity enhanced both soot oxidation and soot forma-
tion. To provide further evidence on such observations,
Fuentes et al. (2007) focused on the soot trajectory
in a non-buoyant, laminar, flat plate, boundary layer
diffusion flame similar to that of Brahmi et al. (2005).
Their results showed that local soot volume fractions
are a function of the local formation and oxidation resi-
dence times and are not necessarily related to the global
residence time. The study in Legros et al. (2009) is an
extension of Fuentes et al. (2007) which complements
the modelling to allow for a quantitative estimation
of the ratio of formation to oxidation characteristic
times. The study of Legros et al. (2009) did not aim to
produce a model for soot production but to describe the
different transport phenomena involved.

Although several studies on numerical simulations of
soot formation in jet diffusion flames have been carried
out previously (Kaplan et al. 1996a, b; Smooke et al.
1992, 1996; Walsh et al. 1998; Guo et al. 2002; Liu
et al. 2002, 2004), the gravitational effects on sooting
diffusion flames have not yet been studied in detail
except for Kaplan et al. (1996a).

Kaplan et al. (1996a) solved the time-dependent
reactive-flow Navier—Stokes equations coupled with a
phenomenological chemical reaction model and a fuel
based global soot model to investigate the effects of
buoyancy on the dynamics and behavior of heavily
sooting flames under different gravity conditions. Their
results showed that soot production was enhanced
greatly at microgravity by as much as a factor of 10. The
predicted enhancement in the peak soot volume frac-
tion is much greater than that experimentally measured
in drop tower (Greenberg and Ku 1997a; Megaridis
et al. 1996). The differences between the computations
and the experimental results imply more efforts are
needed for simulations of soot formation in micro-
gravity. In the absence of gravity, radiation becomes
relatively more important due to the elimination of
buoyancy-induced convection, which significantly pro-
longs the residence time. It is strongly coupled with
soot processes through its direct impact on the flame
temperature. The oversimplified treatment of radiation
by using the optically thin model and the simplified soot
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model with skeletal gas-phase kinetic mechanisms in
Kaplan et al. (1996a) may introduce large error to their
results.

Therefore, the purpose of this study is to investi-
gate the effects of buoyancy on soot formation under
different levels of gravity by using detailed gas-phase
chemistry and complex thermal and transport proper-
ties. The effects of soot inception, growth and oxidation
on gas-phase chemistry were taken into account. The
radiation heat loss was accounted for by the discrete
ordinate method (DOM) coupled to a statistical
narrow-band correlated-K (SNBCK) model for radia-
tive properties of CO, CO,, H,O and soot. This flame
model has been verified in previous studies in normal
gravity (Guo et al. 2002; Liu et al. 2002, 2004, 2006;
Liu and Kong 2008) and will be extended its application
scope in this work.

Numerical Method

The investigated flame is a coflow laminar methane/air
diffusion flame in which a cylindrical fuel stream is
surrounded by an annular coflowing air jet.

In axisymmetric cylindrical coordinates (r; z), the
generalized form of the governing equations for gas-
phase in low Mach number limit is

S o+ 2 oty = L2 (2
ar (our§ 0z (puz9) = ror o or

9 [ 0
toz ( "’E) + Sp (1)

where ¢ is the variable used in the continuity, momen-
tum, species, and energy-conservation equation. p, u,
I'y and Sy are the density of gas-phase, velocity, the
transport coefficients and the source terms that appear
in the governing equations, respectively. The details for
the governing equations can be found in (Guo et al.
2002; Liu et al. 2002, 2004). The gravitational term was
included in the momentum equation. The effects of
buoyancy on the flame behaviors under various gravi-
tational conditions can be investigated by changing this
term. Correction velocities were used to ensure that the
mass fractions sum to unity.

The radiation source term in the energy equation
was obtained using the discrete-ordinates method in
axisymmetric cylindrical geometry. Spatial discretisa-
tion of the transfer equation was achieved using the
finite volume method along with the central difference
scheme for the diffusion term and the exponential
scheme for the convection term. A SNBCK based wide
band model was employed to obtain the absorption
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coefficients of the combustion products containing CO,
CO; and H,O at each wide band. The spectral absorp-
tion coefficient of soot was obtained by Rayleigh’s the-
ory for small particles and assumed to be 5.5 f,/x with f,
being the soot volume fraction and A the wavelength.
The wide bands considered in the calculations were
formed by lumping 10 successive uniform narrowbands
of 25 cm™!, giving a bandwidth of 250 cm~! for each
wide band. The blackbody intensity at each wide band
was evaluated at the band centre. The SNB parameters
for CO, CO;, and H,O were from Soufiani and Taine
(1997).

A modified version of the semi-empirical two-
equation formulation of soot kinetics was used to model
soot nucleation, growth and oxidation. The governing
equations for soot mass fraction and number density
are as follows.

Y. Y. 10
pura_rs + )Ouza_; = _;5 (r/)VT,rYS)
]
_& (IOVT,Z Ys) + Sm (2)
oN oN 10
o & 2 (Ve N
Pt or +pu 0z rar (rp T )
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~9z (PVr:N)+ Sy 3)

where Y is the soot mass fraction and N is the soot
number density defined as the particle number per
unit mass of mixture. Quantities Vr, and V. are the
soot thermophoretic velocities in the r and z directions,
respectively, and are calculated as

wn oT

Vg, = —0.65— "=

= 4
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The source term S, in Eq. 2 accounts for the con-
tributions of soot nucleation (w,), surface growth (w,)
and oxidation (wo). Therefore,

Sm:a)n—i—a)g—a)o (5)

This semi-empirical soot model assumes that C;H,
is the only chemical species responsible for soot nucle-
ation and surface growth processes and the correspond-
ing chemical reactions are assumed as:

CH, +nCS) — n+2)C(S)+H, (R2)
The rates of nucleation and growth are given as

Ry =k (T)[CGH,], (kmolm™s™'), (6)

Ry =k (T) f(Ay) [C:Hy],  (kmolm™ s7), (7)

where f(Ajy) denotes the functional dependence of soot
surface growth on soot surface area per unit volume,
and [C,H;] is the mole concentration of acetylene.

Soot oxidation by O,, OH and O was taken into
account in the present study, and was assumed the
following reactions:

0.50, + C(S) — CO (R3)
OH+CS) — CO+H (R4)
0O+ C(S) — CO (RS)

The reaction rates per unit surface area of these
three reactions (kg m~2 s~!) are given as

kaXoox }
R; =120 | —————— 4+ kX 1— ,
3 |:1 kg Xon BXo2 (1 —x)
kr r
=1+ 8
X [ kpXoo ®)
R4 = gonks (T) T~ Xon 9)
Rs = poks (T) T™'* Xo (10)

where X0, Xou and X denote the mole fractions
of O,, OH and O, and ¢oy and ¢ are the collision
efficiencies for OH and O attacking on soot particles.

The source term Sy in Eq. 3 represents the pro-
duction and destruction of the number density of soot
particles due to nucleation and agglomeration. The
soot volume fraction f, is calculated as f, = pY / Oss
where p; is the density of soot. Further details of the
governing equations, radiation model and soot model
can be found in Guo et al. (2002) and Liu et al. (2002).

This simplified soot model, when used in conjunc-
tion with the GRI-Mech3.0 mechanism (Smith et al.
2009), has been shown to perform very well in the
prediction of a laminar coflow CHy/air diffusion flame
at atmospheric pressure (Liu et al. 2004). In addition,
the effect of gravity on soot formation is a physical
phenomenon, but not a chemical one. Therefore, it is
appropriate to use this simplified soot formation model
for the purposes of the present study.

The fully coupled equations were discretized by the
finite volume method. SIMPLE algorithm for pressure-
velocity coupling was employed. The equations of mo-
mentum, pressure correction, temperature, soot mass
fraction, and soot number density were solved using the
tri-diagonal matrix algorithm. Equations of gas-phase
species were solved simultaneously using a direct solver
at each control volume. The gas-phase reaction mecha-
nism used in the present calculations was derived from
GRI-Mech 3.0, along with recommended thermal and
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transport properties. All reactions and species related
to NOx formation (except N,) were removed from
the standard GRI-Mech 3.0, resulting in a mechanism
consisting of 36 species and 219 reactions.

Results and Discussions

The burner fuel tube had an inner radius of R; =
0.545 cm with a wall thickness of 0.095 cm. The ra-
dius of the coflow air was Rp = 5 cm. Uniform inlet
temperatures were assumed for both the fuel and the
air streams: 7y = 300 K, T4 = 300 K. Uniform inlet
coflow air velocity was assigned at v4 = 77.6 cm/s. The
influences of the coflow air velocities on the flame struc-
ture and soot formation at different levels of gravity
was discussed in another paper (Kong and Liu 2009),
where three coflow air velocities of 77.6, 30, and 5 cm/s
were investigated. The results showed that the coflow
air velocity had significant effects on the flame structure
and soot formation. Thus the effects of coflow velocities
will not be discussed here again. This study focused on
the case of a coflow velocity of 77.6 cm/s. Non-uniform
grids were used in both r and z directions to provide
greater resolution in the large gradient regions without
an excessive increase in the computing time. Fine grids
were placed in the r direction between 0 and 1.2 cm
with a grid resolution of about 0.16 mm. Fine grids were
used in the burner exit region in the z direction and
the grid gradually became coarser as the distance from
the burner exit increased. The height of the solution
domain was about 8.3 cm. In total, the computational
domain was divided into 211(z) x 125(r) control vol-
umes. Inlet conditions were specified for the fuel and air
streams at the z = 0 boundary. A parabolic laminar pipe
flow velocity profile was assigned to the inlet velocity
of the fuel stream, ie., 2vr[1 — (r/R1)?], where r is
the radial position, R; is the inner radius of the fuel
tube, and v is the mean velocity of the fuel. The mean
fuel stream velocity was fixed at vp = 6.52 cm/s. For
the air stream, a boundary layer velocity profile was
assumed inside the boundary layer (formed along the
outer surface of the fuel pipe) and the uniform velocity
was prescribed outside it. Symmetry conditions were
used at the centerline, i.e., r = 0. Free slip conditions
were assumed for the velocity at the r = Rp bound-
ary. Zero-gradient conditions were enforced at the exit
boundary. In the calculation of radiation heat transfer,
all the boundaries were assumed to be cold at 300 K and
black.

Figure 1 shows the predicted fields of temperature
under different gravity levels with the maximum tem-
perature indicated in each case. It is clearly seen from
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Fig. 1 Comparison of temperature distributions under different
gravity levels with the peak values indicated
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the results that the highest temperatures in the flames
are not at the flame tips, but in the outer annular
region lower in the flame at about z = 0.75 to 2.25 cm
for normal gravity (1 g) flame, z = 0.75 to 2 cm for
partial gravity (0.5 g) flame and z = 0.75 to 1.75 cm
for zero gravity (0 g) flame, respectively. The zones
of temperature greater than 1900K shown in Fig. 1
were marked by black lines at about z = 0.4 to 4.2 cm
for normal gravity (1 g) flame, z = 0.4 to 3.7 cm for
partial gravity (0.5 g) flame and z = 0.4 to 3.1 cm for
zero gravity (0 g) flame, respectively. Thus, the high-
temperature zone becomes shorter when the influence
of gravity is removed. This trend is consistent with the
results obtained by Walsh et al. (2000). The overall
flame temperature distribution for 1 g flame is similar
to that computed by Liu et al. (2004) and Smooke et al.
(1999). It is also seen from Fig. 1 that the flame high-
temperature zone becomes wider as the level of gravity
is reduced. The elongated tear-drop like flame tip in
normal gravity becomes rounded in microgravity. Since
the flame shape depends mainly on the aerodynamic
feature of the combustion processes, the change of the
flame shape indicates the variation of the velocity fields.
This will be explained more later. Again from Fig. 1,
it is seen that the maximum temperature decreases
with the reduction of the gravity level. The absence
of buoyancy-induced flows in microgravity reduces the
axial velocity (see below Fig. 3) and increases the re-
actant residence time and soot growth time. Soot vol-
ume fraction is significantly enhanced with decreasing
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Fig. 2 Temperature distributions along the centerline under
different gravity levels

gravity (see below). As a result, the microgravity con-
ditions enhance flame radiation. Thus radiation cooling
effect increases with the decrease of the gravity level,
leading to reduced flame temperature.

Figure 2 shows the temperature distributions along
the centerline under different gravity levels. It is seen
that the effects of gravity on flame temperature are
mainly in the upper portion of the flame beyond about
z = 4 cm, which is due to the relatively high coflow air
velocity. In zero gravity radiation becomes relatively
more important due to the elimination of buoyancy
and more soot is formed due to longer residence time
for soot surface growth. As a result, the temperature
decreases with the decrease of the gravity level. The
increased relative importance of radial heat conduction
with decreasing gravity also contributes to the center-
line temperature decreases in the upper portion of the
flame. It is seen from Fig. 2 that the temperature at z =
8 cm for normal gravity flame is 18% higher than that
for zero gravity flame.

Figure 3 shows the axial velocity profiles along the
centerline of the flame under different gravity envi-
ronments. The profiles show significant reduction in
axial velocity due to the loss of buoyancy-induced
convection. The difference increases with the distance

270

180

u, cm/s

Fig. 3 Axial velocity distributions along the centerline in differ-
ent gravitational level

above the burner. The buoyancy-induced velocity is
proportion to (gz)*>, which can be derived based on
a balance between the buoyancy force and the inertial
terms in the momentum equation. Thus, the axial ve-
locities for normal and partial gravity flames increase
with the axial height z. While in zero gravity, there
is no buoyancy-induced convection, and the transport
of combustion products and the supply of fresh air
and fuel to the flame front are only by the process of
molecular diffusion and the coflow jet momentum. This
feature is reflected in Fig. 3 where the axial velocity is
almost unchanged as the axial position z is great than
about 2.25 cm in zero gravity. Due to the removal of
buoyancy-induced convection in the vertical direction,
the effect of radial diffusion of species and temperature
becomes relatively more important. As a result, the
flame becomes wider in zero gravity. Furthermore, it is
clearly seen from Fig. 3 that the influences of buoyancy
on flame axial velocity can be neglected in the near
burner region when the axial position z is less than
about 1 cm.

Figure 4 displays the distributions of soot volume
fraction at various gravity levels. The profiles of soot
volume fraction in Fig. 4 indicate that the visible flame
height increases slightly with the decrease of gravity,
suggesting the gravity has an insignificant effect on
the flame height under the present condition of high
coflow air velocity. Anyway the effect of gravity on
flame height becomes important with the decrease of
the coflow velocity. At low coflow air velocity the

1g 0.5g
0.612ppm

SVF,ppm

0.95
0.9
0.85
0.8
0.75

0.65

Fig. 4 Comparison of predicted soot volume fraction distribu-
tions under different gravity level with the peak values indicated
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flame height in microgravity is obviously taller than
that at normal gravity (Kong and Liu 2009). This is
in qualitative agreement with the experimental results
that the observed microgravity flames are taller than
their normal gravity counterparts (Bahadori et al. 1990)
where the fuel jet is issued into a quiescence environ-
ment. The maximum values of soot volume fraction in
each case are in the annular region. The area of the
annular region in zero gravity flame is greater than that
in normal gravity. Therefore, the visible microgravity
flame is wider than that in normal gravity, as a result
of reduced radially inward flow. The values of soot
volume fraction in the annular region increase with the
decrease of the gravitational level. Furthermore, the
distributions of soot volume fraction in Fig. 4 indicate
that the values greater than 0.3 ppm in normal gravity
flame lies inside a narrow annular region at about
z = 2.5 to 5.5 cm with a sharp tip. In contrast, soot
volume fraction greater than 0.3 ppm in non-buoyant
flame lies in a large region at about z = 2 to 6 cm
with a rounded tip. As discussed above, the reduction
in buoyant force leads to the decrease in the axial veloc-
ities in the reduced gravity flames. Therefore, the resi-
dence time of soot in non-buoyant flame is longer than
that in buoyant flame mainly due to the much lower
axial velocities in reduced gravity environment. This
is in agreement with the analysis in Sunderland et al.
(1994). The predicted peak soot volume fraction in
normal gravity is 0.612 ppm, which is reasonably good
agreement with the measured maximum of 0.56 ppm
for a steady but somewhat larger methane-air coflow
diffusion flame (Kaplan et al. 1996b). The predicted
maximum soot volume fraction under 0 g is 1.15 ppm
which is almost doubled that under 1 g (a factor of 1.9).
The drop tower experimental results showed that the
maximum soot volume fraction measured at 0 g was
nearly a factor of 2 higher than that at 1 g (Greenberg
and Ku 1997a; Megaridis et al. 1996). Though the fuel
and flow conditions are different in this paper and the
literature (Greenberg and Ku 1997a; Megaridis et al.
1996), the same soot enhanced factor of 2 for non-
buoyant flames indicates that the present simulation is
likely to be more reliable than previous work (Kaplan
et al. 1996a). Because of the increase in soot volume
fraction and the longer resident time, soot emits larger
quantities of thermal radiation in microgravity leading
to a lower peak flame temperature shown in Fig. 1.

It is seen from Eqgs. 6 and 7 that the rates of soot
nucleation and surface growth are only in proportion
to the concentration of C,H;. As discussed in Fig. 3,
the reactant residence time increases with decreasing
of gravity. Therefore, gravity affects the distributions
of chemical species. To illustrate the effects of gravity
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Fig. 5 Distributions of soot nucleation rate under different
gravity levels with the peak values indicated. The unit of soot
nucleation rate is g/cm? s
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on the processes affecting soot, Figs. 5, 6, 7, 8 and 9
show the profiles of soot nucleation, surface growth and
oxidation rates with their respective peak values indi-
cated. The different soot volume fraction distributions
in the 1 and 0 g flames show significant influences of
buoyancy on soot formation, as revealed in Fig. 4. Thus

z,.cm

Fig. 6 Distributions of surface growth rate under different
gravity levels with the peak values indicated. The unit of surface
growth rate is g/cm’ s
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Fig.7 Distributions of soot oxidation rate by O, under different
gravity levels with the peak values indicated. The unit of oxida-
tion rate is g/em? s

soot nucleation, surface growth and oxidation processes
are also different under different conditions. It is seen
from Fig. 5 that the peak soot nucleation rate decreases
slightly with the decrease of the gravity level. For each
case, most of the soot nucleates at the outer boundary

1g 0.5¢
3.98E-4

4.06E-4 393E4

Fig. 8 Distributions of soot oxidation rate by OH under dif-
ferent gravity levels with the peak values indicated. The unit of
oxidation rate is g/em? s

R_OH x1.E4

z,cm
Ny

0.5g 0g
L51E-5

186E"

R _Ox1.E5
2 4

Fig. 9 Distributions of soot oxidation rate by O under different
gravity levels with the peak values indicated. The unit of oxida-
tion rate is g/cm’ s

L79E-§

zZ.cm

near the flame base within an annular soot layer. As
gravity is gradually reduced, the region of high soot
nucleation rates moves upstream closer to the burner.
Furthermore the nucleation rates in the upper portion
of the buoyant flame are greater than those in the non-
buoyant flame.

The soot surface growth rates shown in Fig. 6 have
similar patterns for different gravity cases. The peak
soot surface growth rate again increases slightly under
reduced gravity. The larger soot volume fractions in the
zero gravity flame can be therefore attributed to the
longer residence time for soot surface growth. For each
case, the soot nucleation and surface growth rate have
similar pattern with the distributions of C,;H,. The soot
nucleation and surface growth cease when acetylene
is depleted. The area of soot nucleation and surface
growth becomes wider and shorter when the influence
of gravity is removed.

Soot oxidation by O, shown in Fig. 7 occurs in two
separate regions: one near the base of the flame and on
the fuel-rich side and the other in the upper portion of
the flame around the visible envelope. The oxidation
by O, near the flame base is caused by O, leakage
into the fuel-rich region through the burner rim, but
these oxidation rates are low due to the limited oxygen
supply and relatively low soot concentrations. O, also
contributes to soot oxidation in the post flame region,
but at even lower rates. The appearance of two separate
regions of soot oxidation by O, has also been predicted
by Liu et al. (2004) and Smooke et al. (1999) in normal
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integrated SVF x106,cm2

Fig. 10 Distributions of the integrated soot volume fraction
under different gravity levels

gravity. In partial and zero gravity flames, soot oxida-
tion patterns are similar to that in normal gravity. The
peak soot oxidation by O, increases slightly with the
decrease of the gravity level. The soot oxidation rate
by O, in the post flame region for non-buoyant flame is
slightly larger than that for normal gravity flame.

Soot oxidation by OH radical shown in Fig. 8 is
clearly the dominant mechanism for soot burnout,
which has also been observed in many previous studies.
The cause of the important role of OH as the principal
oxidizing species is its high super-equilibrium level in
the flame front. The present results show that in the
upper portion of the flame along the centerline, the
calculated OH concentration decreases with the de-
crease of the gravity level, which has a similar variation
trend to that of temperature. Such variation in the OH
concentration affects the soot oxidation rate by OH so
that in regions close to the flame tip the oxidation rate
decreases with the decrease of the gravity level.

Soot oxidation by O radical shown in Fig. 9 occurs in
a region similar to that for OH, but the rates for the O
radical are more than an order of magnitude lower. The

0.6
£ I
2 03 =g
——0. 59
—*—0g
o ‘ ‘
0 2 4 6

zZ,cm

Fig. 11 Path-lines of maximum soot concentration occurrence in
different gravity levels
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Fig. 12 Predicted mean primary soot particle diameter along the
path-line of maximum soot volume fraction at the maximum soot
volume fraction under different gravity levels

oxidation rate by O for non-buoyant flame is obviously
lower than that for buoyant flame.

The cross-sectional area integrated soot volume frac-
tions across the flame along the flame height computed
as [f,2nrdr are shown in Fig. 10 for the various grav-
itational conditions. It is seen from Fig. 10 that the
non-buoyant flame produces much more soot than the
buoyant one due to (1) expansion of the flame in the
radial direction, which leads to a much larger cross-
sectional area of the annular sooting region, and (2)
the much longer residence time for soot particle surface
growth as a result of the removal of buoyancy-induced
convection, Fig. 3, which results in higher soot volume
fraction.

The radial location of the maximum soot volume
fraction along the axial direction is shown in Fig. 11.
The location of the maximum soot volume fraction
first moves outwards radially slightly then inwards to
the flame axis along the flame height under all gravity
levels. At a given flame height, however, the loca-
tion of the maximum soot volume fraction occurs at
a larger radial position as the gravity level decreases.
The mean primary soot particle diameter is computed
as (6/ n)ll ’ (Ys/psN) ' The distributions of the pre-
dicted mean primary soot particle diameter under
different gravity levels shown in Fig. 12 have similar
profiles along the axial height. However, the soot par-
ticle size for the non-buoyant flame is greater than that
for buoyant flame.

Conclusions

The gravity effects on soot formation have been inves-
tigated using detailed numerical calculations in a lami-
nar coflow methane/air diffusion flame at atmospheric
pressure. Fully coupled calculations of flow, gas-phase
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reactions, soot kinetics, and nongray radiation were
conducted. 2D representations of temperature, soot
volume fraction, soot nucleation, surface growth and
oxidation rates were obtained under different grav-
ity conditions. The computational results reproduce
many of the flame phenomena observed in micrograv-
ity experiments. Numerical results are consistent with
the experimental observations that in microgravity a
laminar diffusion flame is taller and wider than its coun-
terpart in normal gravity. The elimination of buoyancy-
induced acceleration of flow in microgravity causes a
significant reduction in axial velocity and longer res-
idence time, and thus more soot is produced and the
radiation cooling effects are enhanced in microgravity.
The predicted peak temperature is lower in micrograv-
ity as a result of increased radiation heat loss. The
predicted soot volume fraction in microgravity is about
twice that in normal gravity, which is in quantitative
agreement with experimental results. Under different
gravity conditions, the location and intensity of soot nu-
cleation, surface growth and oxidation were different,
but similar. The predicted results show a significant in-
crease in the overall integrated soot volume fraction in
microgravity. The mean primary soot particle diameter
increases with decreasing the gravity level.
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