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ABSTRACT

The structure and soot formation characteristics of a
coflow laminar methane/air diffusion flame under conditions of
constant p’g and mass flow rates of the air and fuel streams
were numerically investigated in order to examine the validity
of the p”g scaling relationship. The p”g scaling relationship has
been used to experimentally investigate soot formation in
weakly-buoyant laminar diffusion flames by conducting
experiments at reduced pressures. Detailed numerical
calculations were conducted by solving the elliptic
conservation equations of mass, momentum, species, and
energy in axisymmetric cylindrical coordinates using a standard
control volume method. Detailed multi-component thermal and
transport properties and detail combustion chemistry were
employed in the modelling. Soot formation was modeled using
a semi-empirical acetylene based model in which two transport
equations for the soot mass fraction and soot number density
per unit mass were solved. Thermal radiation was calculated
using the discrete-ordinates method and a 9-band non-grey
model for the radiative properties of the CO-CO,-H,0-soot
mixture. The flame structure and soot formation characteristics
exhibit strong dependence on the ambient pressure even though
p’g and the mass flow rates are kept constant. Significantly
more soot is produced with increasing the pressure and
decreasing the gravity level. Numerical results clearly
demonstrate that the p’g scaling relationship is invalid as far as
soot formation is concerned.

1

INTRODUCTION

Investigation of soot formation is of great importance both
fundamentally and practically. Although laminar coflow
diffusion flames at atmospheric pressure and normal gravity
(ng) are an ideal flame configuration to study many
fundamental physical and chemical aspects of soot formation
experimentally and numerically, such flames are in general
buoyancy controlled. On the other hand, practically important
turbulent flames are often not buoyancy controlled and should
be related to weakly-buoyant laminar diffusion flames. Because
of these constraints, it has been argued that the findings gained
in buoyant laminar flames at ng may not be relevant to
turbulent flames, since the path that soot follows has very
different temperature and chemical environments in buoyant
and weakly-buoyant flames, leading to very different soot
growth and oxidation history [1,2].

Weakly- or non-buoyant laminar diffusion flames are
ideally studied in environment of reduced gravity. Two popular
but expensive ways to create such environment are using a
space shuttle or a drop tower. Another inexpensive and easy-to-
achieve approach to study laminar diffusion flames under
reduced gravity is to investigate laminar diffusion flames under
reduced pressure and normal gravity based on the simple
scaling relationship that buoyancy scales as p’g in laminar
flames [3,4]. This scaling relationship suggests that flames at
pressures on the order of 0.1 atm and normal gravity (1g) have
the same structure as those at reduced gravity of the order of
0.01g and atmospheric pressure. Based on this principle, Faeth
and co-workers have experimentally investigated soot
properties in weakly-buoyant laminar diffusion flames at low
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pressures and normal gravity [1,5]. It is important to point out
that this simple scaling relationship was derived by maintaining
the constancy of the following nondimensional parameters: the
Reynolds number, the Peclet number, and the Richardson
number [3]. The derivation relies on the assumptions of a flame
sheet model, unity Lewis number, and neglect of radiation heat
loss [3]. However, there is currently a lack of detailed
experimental or numerical studies as to whether such a scaling
can be applied to investigate soot properties, even though
applications have been reported [1,5].

The present study made an attempt to address the
following question: does a laminar diffusion flame at lower
pressure and higher gravitational acceleration have the same
flame structure and soot field as its counterpart at a higher
pressure and lower gravity as long as p°g and the mass flow
rates of fuel and air are kept constant? To answer this question,
detailed numerical calculations were conducted to predict the
flame properties of laminar axisymmetric coflow methane/air
diffusion flame under different pressures and gravities while
keeping the mass flow rates of fuel and air and p’g constant.
Governing equations of mass, momentum, energy and species
were solved in axisymmetric cylindrical coordinates using the
standard finite volume method. Soot formation was modelled
using a semi-empirical two-equation model. Thermal radiation
transfer was accounted for using the discrete-ordinates method
coupled with a wide-band non-grey property model.
Combustion chemistry was modelled using the GRI-Mech 3.0
mechanism. Detailed thermal and transport properties were
considered. The numerical results were presented and analyzed
with attention paid to the validity of the p”g scaling relationship
for flame properties and in particular those related to soot.

NUMERICAL MODEL AND SOLUTION METHOD

The elliptic steady-state governing equations of mass,
momentum, energy, and species in axisymmetric cylindrical
coordinates and in the low Mach number limit given in [6]
were solved. The effect of buoyancy was accounted for by
retaining the gravity term in the momentum equation in the
flow direction (z, vertically upwards). The method of correction
diffusion velocity described in [7] was employed to ensure that
the net diffusion flux of all species sums to zero in both r and z
directions. Note that the correction velocity accounts for the
thermophoretic velocity of soot. The interaction between the
soot chemistry and the gas-phase chemistry was accounted for
through the reaction rates of the species related to soot
formation and oxidation, namely C,H,, CO, H,, O,, O, H, and
OH in the present context. Only the thermal diffusion velocities
of H, and H are accounted for using the expression given in
[7]. The source term in the energy equation due to radiation
heat transfer was also included.

A modified version of the semi-empirical two-equation
formulation of soot kinetics proposed by Leung et al. [8] was
used to model soot nucleation, growth and oxidation. The
transport equations for the soot mass fraction and number
density are given as

2
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where u and v are velocities in the streamwise (z) and radial (r)
directions, p is the mixture density, 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 Vp, are the
thermophoretic velocities of soot in r and z directions,

respectively, and are calculated as [9]
v, =065 . 3)

i pT Ox

The source term S, in Eq.(1) accounts for the contributions
of soot nucleation, surface growth and oxidation. In this
simplified soot nucleation and growth model, it is assumed that
acetylene is the only soot nucleation and growth species and
soot nucleation and surface growth proceed respectively via
C,H, — 2C(S) + H; and C,H, + nC(S) - (n+2)C(S) + H,. The
rates of nucleation and surface growth are given as
R =k(T)[C,H,] (kmol/m’/s) and R, =k(T)A"’[C,H,]

(kmol/m3/s), where A5=n(6/n)2/3pc<g)_2/3 Y23 le/3 is the soot
surface area per unit volume and [C,H,] is the mole
concentration of acetylene. The nucleation and growth rate
constants used in the present calculations were taken from our
previous study [9]: ki = 1000exp(—16103/T) [1/s] and k, =
1750exp(~10064/T) [m"?/s]. The density of soot Pcs) 1s taken
to be 1.9 g/em’. It is noted that the soot surface growth rate is
assumed here to be proportional to the square root of the soot
surface area based on the recommendation of Leung et al. [8].
Possible physical reasons behind this sub-linear dependence of
the surface growth rate on soot surface are particle aggregation
and reduction in soot surface reactivity.
The source term in the soot mass fraction equation can be
written as
S =2M (R +R) = (2R, + R, + Ry A, “4)

where M, is the molar weight of soot (assumed to be the
same as carbon), R;, R4, and Rs are the specific soot oxidation
rates by O,, OH, and O, respectively. Soot oxidation was
assumed to proceed through the following reactions

0, +0.5C(S) » CO, OH + C(S) > CO+H, O+ C(S) > CO
The reaction rates per unit surface area of these three reactions
(kg m?s™) are given as

kX, P -
R =120] 220" % 4 X P(-p)b, y=lio—tr (5)
1+k,X, P, : ky X, P,
R4 = ¢0Hk4(T)T71/2X0HPa (6)

Rs = ¢0k5(T)T71/2X0B1 (7)
where Xop and X denote the mole fractions of OH and O, P, is
the ambient pressure in atm, and @oy and @g are the collision
efficiencies for OH and O attack on soot particles. The rate of
soot oxidation by O, was based on the Nagle-Strickland-
Constable model [10] with rate constants for R; and R, taken
from [11]. A constant collision efficiency of 0.2 was assumed
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for both OH and O. The rate constants for Rs; were taken from
[12].
The source term Sy in Eq.(2) represents the production of
the number density of soot particles due to nucleation
2
Sy = a NLR, (®)
where N, is Avogadro’s constant (6.022 x 10% kmol'l) and Cy;n
is the number of carbon atoms in the incipient soot particle
(700, which gives a soot incipient particle diameter of about 2.4
nm). It is noted that the destruction of number density by
agglomeration is neglected for the reasons discussed in [9]. The
density of the mixture (including soot) was calculated using the
ideal gas state equation

P E,
RTY." Y, IW,
where R, is the universal gas constant and KK the number of
gas-phase species.

The source term due to thermal radiation in the energy
equation was calculated using the discrete-ordinates method in
axisymmetric cylindrical geometry described in [13]. The
statistical narrow-band correlated-K (SNBCK) based 9-band
model developed by Liu and Smallwood [14] was employed to
obtain the absorption coefficients of the combustion products
containing CO, CO,, H,0, and soot at each band and each
quadrature point.

Gas-phase combustion chemistry was modeled using the
GRI-Mech 3.0 mechanism [15], which was optimized for
methane combustion, with the removal of species and reactions
related to NO4 formation (except N,). This simplified GRI-
Mech 3.0 mechanism contains 36 species and 219 reactions.
Thermal and transport properties of species and the mixture
were obtained from CHEMKIN subroutines and the GRI-Mech
3.0 database.

To identify the location of the flame sheet defined by the
stoichiometric mixture fraction, an additional transport
equation for the mixture fraction (0 at the air streams and 1 at
the fuel stream), which is a conserved quantity without source
terms in its transport equation, was solved. The diffusion
coefficient of the mixture fraction was calculated with the
assumption of unity Lewis number after the study of Pitsch and
Peters [16]. In addition, the mixture fraction definition given by
Bilger et al. [17] was also used to identify the flame location.

The transport equations for mass, momentum, energy, gas-
phase species, soot mass fraction, soot number density, and
radiation intensity are closed with the equation of state and
appropriate boundary conditions on each side of the
computational domain. These equations were discretized using
the control volume method [18]. Diffusion and convective
terms in the conservation equations are discretized respectively
using the central and upwind difference scheme. The SIMPLE
numerical algorithm [18] was used to treat the pressure and
velocity coupling. Governing equations of momentum, energy,
soot mass fraction and number density were solved using the
tridiagonal-matrix algorithm (TDMA). Governing equations of

€))

3

the gas-phase species were solved in a fully coupled fashion at
every computational control volume using a direct solver to
speed up the convergence process [19].

The axisymmetric coflow laminar CHy/air diffusion flames
numerically investigated in this study are stabilized on a burner
similar to the Giilder burner described in [20], which is also
very similar to the burner used by Santoro and co-workers
[21,22]. The Giilder burner consists of a fuel tube of 10.95 mm
inner diameter surrounded by a co-annular outer air jet of 100
mm inner diameter. The thickness of the fuel tube is 0.9 mm. In
this numerical study, the burner is a modified version of the
Giilder burner: the outer co-annular air jet is much larger and
has an inner diameter of almost 28 cm. This serves the purpose
of minimizing the influence of using slip boundary condition
on the outer radial boundary on the flame structure.

Numerical calculations were conducted on a computational
domain of 9.78 cm (z) x 13.98 cm (r). Non-uniform grids were
used in both the r and z directions to provide greater resolution
in regions of high gradients near the burner exit without an
excessive increase in the computing time. Very fine and
uniform grids were placed within the fuel pipe at r = 5.45 mm
in the radial direction with a grid size less than 0.2 mm.
Outside the burner tip in r direction, the grid size became
gradually coarser. In the flow direction (z), very fine and non-
uniform grids were used in the burner exit region up to 2.6 cm
(grid size less than 0.36 mm). Further downstream, uniform but
coarser grids were used. The grid size between z = 2.6 cm and
6.6 cm is still fairly fine at Az = 0.4 mm. Beyond z = 6.6 cm,
the grid size is Az = 0.65 mm. The computational domain was
divided into 251(z)x135(r) control volumes. Both the fuel and
air inlet temperatures were assumed to be 300 K. A uniform
velocity profile was assigned to the air inlet except near the
outer surface of the fuel pipe where a boundary layer type
velocity profile was assumed. For the fuel stream, the inlet
velocity profile was assumed to be parabolic. Along the
centerline (r = 0 cm) and the outer radial boundary (r = 13.98
cm), v = 0 cm/s and zero-gradient for all other variables are
assumed. At the top boundary (z = 9.78 cm), a zero-gradient
condition was applied to all variables. The convergence
criterion used in the calculations was that relative changes of
the peak soot volume fraction and the peak temperature were to
be less than 1x10°. The grid resolution was found adequate,
since further refinement has negligible influence on the
numerical results.

This numerical approach (with the simple soot formation
model) has been shown to predict soot volume fraction and
flame temperature distributions in fairly good agreement with
experimental data at atmospheric and elevated pressures
[13,23]. It is believed that the flame model described above is
adequate to investigate the validity of the p°g scaling
relationship, since both the pressure and the gravitational
acceleration affect soot formation mainly physically rather than
chemically.
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RESULTS AND DISCUSSION

Numerical calculations were conducted under five
different levels of pressure and gravity at a constant p°g = 490
atm’ cm/s’. The five sets of pressure and gravity are
summarized in Table 1, where g, is the gravity on earth (980
cm/s”). It is seen that while the pressure does not vary
significantly from the lowest to the highest level (by a factor of
4). However, the corresponding variation of gravitational
acceleration is much larger (a factor of 16). It is recognized that
the range of pressure variation considered in this study is
relatively small. This is to ensure that the methodology used in
this numerical study, in particular the gas-phase reaction
mechanism, soot formation model, and the neglect of near-
burner effects (upstream diffusion of heat and mass around the
burner rim), is valid and can be used with confidence.

At p = 1 atm, the mean air and fuel inlet velocities are
specified at 30 cm/s and 6.5 cm/s, respectively. The mass flow
rates of the air and fuel streams are kept constant as the
ambient pressure is varied, i.e., the mean inlet velocities are
varied as inversely proportional to pressure.

Table 1 Five sets of pressure and gravity considered.

Set p (atm) g (cm/s?) g/go
1 2 122.5 0.125
2 1.5 217.56 0.222
3 1 490 0.5
4 0.7071 980 1
5 0.5 1960 2

The structures of the flame under the five sets of pressure
and gravitational acceleration are first examined in terms of
temperature and axial velocity distributions. Fig. 1 displays the
2D distributions of temperature with the peak temperature in
each case indicated in the figure caption. The black lines in
these color plots represent the stoichiometric mixture fraction
(fse = 0.05496) obtained from solving the transport equation for
the mixture fraction [16] (solid) and based on the definition of
Bilger et al. [17] (dash-dot). The first impression from this
figure is that there is a significant change in the flame structure
with the variation in the ambient pressure, even though p’g and
the mass flow rates are kept constant. The peak temperature
occurs in the annular region low in the flame. The maximum
peak temperature is achieved at p = 1 atm and the peak
temperature starts to drop slightly as the pressure is either
increased or decreased from 1 atm, with slightly more
reduction as the pressure is lowered. With decreasing the
pressure, however, the temperatures in the centerline region
continue to increase. As shown later, this is associated with
reduced radiation heat loss from soot as much less soot is
formed with decreasing pressure.

Compared to the flame height defined by the location of
the stoichiometric mixture fraction on the centerline at p = 1
atm, Fig. 1(c), the flame height (location where the solid black
line intersects with the flame centerline) remains almost
constant as the pressure is decreased. However, the flame

height increases slightly as the pressure is elevated, Figs. 1(a)
and 1(b). This is perhaps related to the substantial decrease in
the flame temperature in the centerline region, which lowers
the overall reaction process more than the enhancement by the
increased mixture density (through elevated pressure). On the
other hand, the flame height defined by the stoichiometric
mixture fraction due to Bilger et al. [17] (black dash-dot line) is
increasingly shorter than that from solving the mixture fraction
transport equation as the pressure is decreased. Note that the
flame height defined by the mixture fraction due to Bilger et al.
[17] agrees well with that defined by the axial location where
the centerline temperature peaks. Therefore, the mixture
fraction defined by Bilger et al. [17] is preferred to locate the
flame front in diffusion flames.

(a) Set 1 (b) Set2 (c) Set3 (d) Set 4 (e) Set5
Peak:1920.2K  Peak:1926.2K  Peak:1927.1K  Peak:1922.6 K Peak: 1914.9 KTemporaure

1836.0
1772.0
1708.0
1644.0
1580.0
1516.0
1452.0
1388.0
1324.0
1260.0
1196.0
1132.0
1068.0
1004.0
940.0
876.0

= SANANANANENNEREEES "

Fig. 1 Temperature distributions with the stoichiometric
mixture fraction plotted as black lines.

(a) Set1 b) Set 2
Peak: 84.93 cm/s

(b) (c) Set3 (d) Set4 (e) Set5
Peak:115.82cm/s Peak:177.2cm/s  Peak:254.95 cm/s Peak:363.13 cm/s

Fig. 2 Axial velocity distributions.

Figure 2 displays the axial velocity distributions. Due to
large differences in the axial velocity among the five sets of
pressure and gravitational acceleration, each plot uses a
different color scale from 0 to its own maximum value
indicated in the figure caption. These color contours were
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generated using 26 uniform levels between 0 and their
respective peak axial velocities. The peak axial velocity (at z =
9 cm on the flame centerline) varies significantly from 84.93
cm/s at p = 2 atm, Fig. 2(a), to 363.13 cm/s at p = 0.5 atm, Fig.
2(e). These results are expected under conditions of fixed mass
flow rates and p’g. With increasing the pressure, both the inlet
velocities of the air and fuel streams and the gravitational
acceleration decrease. Both factors contribute to the lowered
axial velocity shown in Fig. 2, especially the reduced
gravitational acceleration.

Such a factor of four variation in the axial velocity
suggests that the residence time of a fluid parcel from the
burner exit surface to a given height in the flame could be very
different. To quantitatively illustrate this point, Fig. 3 compares
the residence times for a fluid parcel along the flame centerline.
As anticipated from the approximately factor of four increase in
the axial velocity as the pressure is decreased from 2 atm to 0.5
atm, the corresponding residence time decreases by about a
factor of four. This substantial variation in the residence time
from one set of pressure/gravitational acceleration to another
implies that certain aspects of the laminar diffusion flame that
are kinetically controlled could be quite different, such as soot
formation, rendering the p°g scaling relationship no longer
useful for investigating soot formation at reduced buoyancy by
conducting experiments at lower pressures.

250 - p=2atm "
o
L
L
R
P
200 1 -
2 7 1.5atm .-
5 - —
[0) - .
£ 150 /"/ T
c 7/ P 1 atm
S / e
2 1001 / -~
i e 0.71atm__ |
/,/ T 0.5atm __|
o,/ _—— T

U e

W=

N/

0 T T T T T T T T T

Fig. 3 Variations of residence time of a fluid parcel along the
flame centerline.

Distributions of soot volume fraction for the five sets of
pressure/gravitational acceleration are compared in Fig. 4. Note
that these color contours are generated using 26 uniform color
scales from 0 to their respective peak soot volume fractions due
to the large variation from one case to another. Several
observations can be made from this figure. First, the visible
flame height due to soot luminosity increases quite significantly
with increasing pressure from about 62 mm at p = 0.5 atm, Fig.
4(e), to about 80 mm at p = 2 atm, Fig. 4(a). Secondly, the peak

5

soot volume fraction also increases very rapidly as the pressure
is increased, from 0.11 ppm at p = 0.5 atm to 3.79 ppmat p =2
atm. Thirdly, the relative concentration of soot in the flame
centerline region decreases with increasing pressure. It is well
known from laminar diffusion flame experiments conducted at
elevated pressures and earth gravity that more soot is produced
as the pressure is increased [23-25]. The main mechanism for
the effect of pressure on soot formation was found to be
through its direct influence on the density mixture, which in
turn alters the reaction rates of both gas-phase and soot
chemistry. It has also been made clear that reduced buoyancy in
general also enhances soot formation [26,27]. Therefore, under
conditions of constant p’g and constant mass flow rates of fuel
and air stream it is expected that more soot is formed as the
pressure is increased, since both elevated pressure and reduced
buoyancy prompt soot formation.

(a) Set 1
Peak: 3.79 ppm

(b) Set 2 (c) Set 3
Peak: 2.35 ppm Peak: 0.98 ppm

(d) Set 4 (e) Set5
Peak: 0.11 ppm

Peak: 0.37 ppm

r,cm

r,cm r,cm

Fig. 4 Distributions of soot volume fraction.

To gain insights into why there are such significant
variations in the soot volume fraction with varying pressure,
the distributions of acetylene mass fraction, soot nucleation
rate, and soot surface growth rate are plotted in Figs. 5-7,
respectively. The mass fraction of C,H, increases somewhat
significantly with decreasing the pressure, Fig. 5. Due to the
coupling between gas-phase chemistry and soot chemistry, the
lower C,H, mass fraction at higher pressure is primarily
attributed to the conversion of C,H, to soot, while the gas-
phase chemistry also plays a role through temperature and
enhanced reaction rates. Although soot nucleation rates are
much lower than soot surface growth rates, nucleation is the
bottle-neck of the soot formation process. At higher pressures,
e.g., Figs. 6(a) and 7(a), strong soot nucleation and surface
growth occur in the annular region low in the flame as a result
of high temperature and high reactant concentration (through
pressure), which rapidly depletes the C,H, concentration.
Consequently, the nucleation rates in the centerline region are
very low, Fig. 6. This is why soot volume fractions in the
centerline region are very low as the pressure is increased, Fig.
4. It should be pointed out that residence time also plays an
important role in determining the soot surface growth rates
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(through available soot surface area) shown in Fig, 7, besides
temperature, acetylene concentration, and nucleation rate.

(a) Set 1
Peak: 7.65e-3

e) Set5 CoH2

(b) Set2 (c)Set3 (d) Set4 (
Peak:7.95e-3 Peak:8.91e-3 Peak: 1.13e-2 Peak: 1.32e-2

14
o
=
8

0.0096
0.0092
0.0088
0.0084
0.0080
0.0076
0.0072
0.0068
0.0064
0.0060
0.0056
0.0052
0.0048
0.0044
0.0040
0.0036
0.0032
0.0028
0.0024
0.0020
0.0016
0.0012
0.0008
0.0004
0.0000

IR T T T T T T T

r,cm r,cm

Fig. 5 Distributions of mass fraction of C,H,.

(a) Set 1 (b) Set2 (c)Set3 (d) Set4 (e) Set5
Peak: 2.28e-7 Peak: 1.86e-7 Peak: 1.40e-7 Peak: 1.09e-7 Peak: 9.52e-8
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Fig. 6 Distributions of soot nucleation rate (g cm™ s™).

(a) Set1 (b) Set2 (c) Set3 (d) Set4 (e) Set5
Peak: 1.71e-4 Peak: 1.23e-4 Peak: 8.28e-5 Peak: 5.32e-5 Peak: 2.86e-5
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Fig. 7 Distributions of soot surface growth rate (g cm™ s™).

The results shown in Fig. 4 clearly indicate that soot
formation characteristics at lower pressure/higher gravity, Fig.

4(e), are very different from those at higher pressure/lower
gravity, Fig. 4(a). For this reason, the p’g scaling relationship
derived by Davis et al [3] should not be used to infer soot
formation in reduced gravity by conducting experiments under
reduced pressure as advocated by Faeth et al. [1,5]. It is
interesting to notice that Davis et al. [3] made the following
cautious statement in their study: “Clearly use of this procedure
to attain very small effective gravitational accelerations appears
unreasonable, as chemical kinetics could certainly not be
ignored at the low pressures required. Additionally, enhanced
soot production at low g would not be simulated by this
pressure variation technique.”

As noted in the Introduction, the p’g scaling relationship
was derived based on the flame sheet approximation, unity
Lewis numbers, and neglect of thermal radiation transfer by
maintaining constant Richardson, Reynolds, and Peclet
numbers. The numerical results obtained in this work suggest
that there are significant variations in the flame structure and
soot formation characteristics for a laminar diffusion flame
under conditions of constant mass flow rates of fuel and air
streams and p’g. The reasons for the failure of this scaling
relationship for the purpose of soot study include the strong
pressure dependence of residence time and reaction rates and
the enhanced soot formation and enhanced radiation heat loss,
which in turn lowers the flame temperature, as the pressure is
increased.

CONCLUSIONS

Detailed numerical calculations were conducted in a
laminar coflow CH,/air diffusion flame with soot formation for
five sets of pressure and gravitational acceleration under
conditions of constant p’g and mass flow rates of the fuel and
air streams. The numerical results indicate that there are
substantial variations in the flame structure, visible flame
height, and soot volume fraction as the pressure is varied even
though p’g is fixed. The main reasons for the breakdown of this
so-called p’g scaling relationship are strong variations in
residence time, overall chemical reaction rates, and flame
temperature as the pressure is varied. Therefore, this scaling
relationship should not be used to infer soot formation
characteristics in weakly buoyant flames by conducting
experiments at reduced pressures.
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