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I. Introduction

T HE subject of combustion in weakly buoyant or microgravity
environments has become a prominent branch of combustion

science and research. Although understanding combustion will help
to decrease particulate emissions and pollution from combustion
technology used in earth-based applications, the future of space
exploration depends on the safety of space technology, which
includes a complete understanding of combustion processes in
weakly buoyant environments. Combustion research in this area is
essential for improving spacecraft safety for space missions and is
also indispensable for gaining an in-depth understanding of
combustion processes on earth.Without buoyant effects, novel flame
behaviors are revealed [1]. A less common method to simulate
weakly buoyant conditions is through subatmospheric pressures. At
low pressures (pressures ranging from atmospheric down to near
vacuum), the effects of buoyancy can be minimized during
combustion. As a result, the characteristic residence times for
combustion are slightly longer than under buoyant conditions [2].

Many flame properties during combustion are affected by a lack of
buoyancy during the process. These properties of the laminar
diffusion flames include but are not limited to soot formation
processes, flame temperatures, flame dimensions, and flame stability
and attachment mechanisms.

The formation and emission of soot in flames has been a long-
standing research topic among scientists and engineers. Soot
formation has been studied extensively at both atmospheric pressures
and at high pressures; however, studies of soot at subatmospheric
pressures are relatively limited. Experiments at high pressures are
necessary to simulate the operational pressure range ofmost practical
combustion technology. Results have shown that increases in
pressure cause an increase in the concentration of soot formed in the
flames [2–7]. Under the Earth’s gravitational environment, buoyancy
increases the axial velocities of the combustion species with
increasing distance from the jet exit. The particles at the flame tip
have the highest velocities because buoyancy has accelerated the
particles over the largest distance [8]. Contrary to this, the absence of
buoyancy tends to slow down the axial velocities of combustion
species, albeit by a small amount, which increases the combustion
residence time [2]. The longer residence times contribute to larger

soot volume fractions and particle sizes as compared with soot
production under normal gravity conditions [9]. Nonbuoyant
diffusion flames also exhibit much broader soot-containing regions
and larger soot-oxidation regions [10].

Studies regarding the shapes of nonbuoyant laminar jet diffusion
flames in air have shown that theseflames are longer than the buoyant
flames resulting from a decrease in reactant mixing that occurs when
buoyancy and gravitational effects are not involved in the reaction
process [11]. Flames are also generally wider in microgravity than in
normal gravity [12,13].

Some of the most common and widely used methods for
simulating microgravity include drop towers, aircraft flying para-
bolic trajectories, sounding rockets, and spacecraft. An additional,
however, less common,method to simulate nonbuoyant conditions is
through subatmospheric pressures. At low pressures (pressures
ranging from atmospheric down to near vacuum), the effects of
buoyancy can be minimized during combustion. As a result, the
characteristic residence times for combustion are longer than under
buoyant conditions. These results must be interpreted with caution
when comparing themwithmicrogravity results because the vacuum
environment is not isolated from the effects of gravity, only the
effects of buoyancy.

The objective of this study was to investigate laminar ethylene/air
diffusion flames at sub- and superatmospheric pressures to
understand the effects of pressure and buoyancy on flame structure
and soot formation. The physical flame appearance as well as the
sooting characteristics and temperature field of the flames as affected
by pressure were studied.

II. Experimental Methodology

Experiments were conducted in a combustion chamber [5,7]
capable of operating at sub- and superatmospheric pressures with an
inner diameter of 0.24 m and a height of 0.60 m. The details of the
combustion chamber and the laminar coflow diffusion flame burner
used in this study are reported in previous publications [5,7]. To
generate low pressures for the current diffusion flame experiments, a
vacuum pump was used in conjunction with a controller and a
proportioning valve. The necessity for a continuous flow of air and
fuel into the chamber during the flame experiments requires the
vacuum pump to run continuously to sustain the pressure levels
necessary for the duration of each experiment. Constant ethylene
mass flow rates of 0.48 or 1:16 mg=s were used. The thermal-based
massflowmeter is calibrated for low and high pressure uses and has a
maximum total error of less than 2%. In all experiments, a coflow air
flow rate of 0:11 g=swas used. The fuel nozzle of the burner is 3 mm
in diameter, and the coflow air nozzle has a diameter of 25 mm.

A nonintrusive, line-of-sight spectral soot emission (SSE)
diagnostic techniquewas used to obtain the temperature and the soot-
volume fraction. In an SSE diagnostic, line-of-sight radiation
emissions from soot aremeasured along chords through theflame at a
given height. Soot emission is measured over the wavelength range
of 690–945 nm. Spectra are averaged over the height of the entrance
slit as well as across 12 spectral regions, each 21 nm wide. This
provides 12 adjacent spectral data points per line-of-sight acquisi-
tion. Output from the spectrometer is focused onto a calibrated 16-bit
charge-coupled device detector (1100 � 330 pixels). The lateral
emission scans are inverted to obtain radially resolved emission data
using the three-point Abel deconvolution technique, where the
temperature and soot-volume fraction can be determined when soot
optical properties are known [14]. Soot radiation emissions are
measured every 50 �m across the flame at the height increments of
0.5 mm. Details of the theory are provided elsewhere [15], and the
specifics of the overall experimental layout of the spectral soot
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emission diagnostic used in this study are provided by Joo and
Gülder [7].

III. Results and Discussion

At the flow rate of 0:48 mg=s ethylene, the measurements were
taken at pressures from 0.2 atm to 5 atm. As the combustion chamber
was evacuated down to 0.2 atm from atmospheric conditions, the
flame became almost spherical with little or no soot production, as
shown in Fig. 1. The flame at 0.2 atm no longer had a yellow
luminous flame zone and became entirely blue, as seen at the far left
of Fig. 1. The visible flame height, marked by the luminous flame
zone or the visible blue flame boundary, decreased in height and
significantly increased in width as the pressure is decreased at
superatmospheric pressures, whereas it appeared to achieve a
relatively constant height at the subatmospheric pressures down to
0.3 atmwhen theflame became almost spherical. (The stoichiometric
flame height is expected to be constant for all pressures as a
consequence of the proportionalities between volumetric flow rate,
diffusivity, and pressure [16]).

At the higher ethylene flow rate of 1:16 mg=s, flame geometry
variation was similar to the lower fuel flow rate flames. For this flow
rate, the pressure range was from 0.1 atm to 1.5 atm, as shown in
Fig. 2. At an ethylene flow rate of 0:48 mg=s, it was not possible to
sustain a flame at 0.1 atm. For flow rate of 1:16 mg=s, the maximum
pressure was 1.5 atm beyondwhich the flame became a smoking one
and soot was escaping from the tip of the flame. The flames increased

inwidth and decreased in height as the pressure decreased.At 0.1 atm
pressure, the flame became completely blue and almost spherical, as
seen in Fig. 2.

Soot volume fraction profiles at 0.5, 0.8, 1, and 2 atm at various
flame height locations are shown in Figs. 3–6. Soot first nucleated in
an annular ring towards the outer edges of the flame and transported
inwards towards the flame centerline about halfway up the flame
height before the soot was oxidized. Given all subatmospheric
experimental conditions, as the pressure decreased, the soot volume
fraction also decreased. At 1 atm, themaximum soot volume fraction
was about 0.93 ppm, whereas at 0.5 atm, the soot volume fraction
was negligible at about 0.08 ppm. As expected, the higher pressure
flames produced even larger soot volume fractions and reached
almost 6 ppm at 2 atm and about 60 ppm at 5 atm. The maximum
soot-volume fraction profiles at various pressures and flame height
locations are shown in Fig. 7 for the ethylene flow rate of 0:48 mg=s.

The peak soot-volume fraction was located at a height of between
4.5 mm and 5.5 mm at all pressures. In all cases, the soot volume
fraction increased until this height and then decreased until the flame
tip is reached. However, as the pressure decreased, the height at
which soot could first be measured within the flame also moved
towards the tip. This resulted in a much smaller range of heights over
which soot was formed in the flame. At 1 atm, sootfirst began to form
at 3mm above the burner, whereas at 0.5 atm, soot first began to form
at 4 mm above the burner tip.

To assess the sensitivity of sooting propensity of the flame to
pressure, previous studies [5–7] suggested that the percentage of total

Fig. 1 Still pictures showing the shapes of laminar ethylene diffusion flames from 0.2 atm to 5 atm. The ethylene flow rate is 0:48 mg=s. The aperture
and exposure time are adjusted to prevent image saturation from highly luminous flames. Flames were steadywith amaximum change, due to flickering,
in flame height less than 5%.

Fig. 2 Still pictures showing the shapes of laminar ethylene diffusion flames from 0.1 atm to 1.5 atm. The ethylene flow rate is 1:16 mg=s. The aperture
and exposure time are adjusted to prevent image saturation from highly luminous flames. Flames were steadywith amaximum change, due to flickering,

in flame height less than 5%.

Fig. 3 Radial soot-volume fraction profiles at 0.5 atm. Ethylene flow

rate 0:48 mg=s.
Fig. 4 Radial soot-volume fraction profiles at 0.8 atm. Ethylene flow

rate 0:48 mg=s.
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carbon in the fuel converted to soot as a function of height is a better
measure than the maximum line-of-sight integrated soot concen-
trations. We use the same approach here to assess the influence of
pressure. The mass flow rate of carbon, in the form of soot, can be
determined through the relationship

_m s�z� � 2��s

Z
vz�r; z�fv�r; z�r dr (1)

where vz is the axial velocity, �s � 1:8 g=cm3 is the soot density, and
z is the axial height. The axial velocity could be estimated using the
relationship vz�z� �

��������
2az
p

, where a is an acceleration constant
commonly assumed to be 25 m=s2 at atmospheric pressure [16].
However, at subatmospheric pressures, assuming weakly buoyant
conditions, the acceleration is found to vary with the square of the
pressure [8]; that is the acceleration at subatmospheric conditions is
assumed to be as � aP2, whereP is the pressure in atmospheres. The
percentage of carbon in the fuel converted to soot is simply
�s � _ms= _mc, where _mc is the carbonmass flow rate at the nozzle exit.

A plot of maximum percentage conversion of carbon to soot at
various heights along the flame axis, calculated using the approxi-
mate relationships described in the preceding paragraph, as a
function of pressure is shown in Fig. 8 as a logarithmic plot. In recent
studies [2,17,18], it was found that the acceleration constant a, which
is used to estimate the axial velocity of the flame as a function of
height, is larger than 25 m=s2 at superatmospheric pressures. Also, at
subatmospheric pressures, acceleration as exceeds the approxima-
tion given by as � aP2. Instead of calculating the soot yield from
Eq. (1) using the constant acceleration, the velocity field within the
flame envelope computed from a full numerical simulation was used
[17]. With this approach, the maximum carbon conversions to soot
were systematically higher, as shown in Fig. 8. In Fig. 8, a power-law
relationship between the percentage conversion of fuel’s carbon to
soot and the pressure is not obvious. However, if one seeks a
relationship in the form of �s / Pn, the value of exponent n is about
4.5 for the subatmospheric conversion rates for the fuel flow rate of
048 mg=s . Similar results were obtained for the higher flow rate of
1:16 mg=s (Fig. 8).

The most apparent discrepancy between microgravity and
subatmospheric pressure results is that, as the pressure decreased
from atmospheric to a near vacuum, the flame decreased in length
and grew wider. Microgravity experiments indicate that diffusion
flames should, in fact, increase in both length and width [19].
However, flames in both environments eventually formed a
spherical, bulbous flame after continued exposure to a nonbuoyant
environment.

The results from Urban et al. [20] for nonbuoyant, round, laminar
jet diffusion flames show that the soot formation nucleates in the
annular regions of the flame but that the peaks progress outwards at
locations higher above the burner rim before starting to move
inwards. As a result, the soot-volume fraction profiles become
broader near the flame tip. This is opposite from the results in these
experiments, which show that the soot peaks move inwards towards
the flame centerline at increasing heights above the burner. However,
the effects of burner nozzle diameter (larger in current experiments)
and fuel flow rate (smaller in the current experiments) may also
contribute to the observed soot profiles.

Fig. 5 Radial soot-volume fraction profiles at 1 atm. Ethylene flow rate

0:48 mg=s.

Fig. 6 Radial soot-volume fraction profiles at 2 atm. Ethylene flow rate

0:48 mg=s.

Fig. 7 Maximum soot-volume fractions as a function of height above

the burner rim at various pressures.

Fig. 8 Maximum fraction of fuel’s carbon converted to soot on a
logarithmic scale. The average slope of the subatmospheric portion of the

curve evaluated using the computed velocity field is about 4.5 for an

ethylene flow rate of 0:48 mg=s.
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The apparent difference between results is due to an increase in
both flame length andwidth inmicrogravity, whereas there is only an
increase in flame width at subatmospheric pressures. Because the
flame decreases in size, the soot-volume fraction profiles of
subatmospheric flames must, therefore, move inwards to the flame
centerline. These results are consistent with flame temperatures in
each environment because flame temperature has a direct relation-
shipwith the amount of soot formed in the flame. Because less soot is
formed in a near vacuum than inmicrogravity, theflame temperatures
are expected to be higher due to less soot radiation. The measured
line-of-sight centerline flame temperatures, which are expected
to represent an overall temperature, are shown in Fig. 9. The
temperatures are reduced as the pressure goes from 0.5 atm to the
atmospheric as expected. Current results cannot be directly
compared with previous studies at subatmospheric pressures [21,22]
in which the effect of pressure was not systematically investigated
and fuel flow rates were much higher than the those in the current
study.

It should be noted that the soot volume fractions measured at
subatmospheric pressures in the present study are almost tenfold
smaller than soot-volume fractions measured under microgravity
conditions [8]. At subatmospheric pressures, only partial effects of
microgravity could be realized. For example, combustion intensity
(energy release per unit volume) roughly scales with the square of the
pressure; as a consequence of this, combustion reactions are expected
to be slower at low pressures. This could be remedied to a certain
extent by using pure oxygen instead of air.

The locations of the peak soot-volume fraction at each pressure
level also indicate that the soot nucleated at larger radial locations for
the subatmospheric pressures as compared with the superatmo-
spheric pressures. However, the differences in thewidth of the flames
at the subatmospheric pressures are negligible, as is evident by the
consistent location of the peak soot-volume fraction profiles from the
flame centerline at each height between 0.5 and 1 atm, as shown in
Fig. 7.

Total uncertainties for soot and temperature measurements were
estimated as 35% and 3.5%, respectively. Sources of these
uncertainties are detailed in previous publications [5–7]. Error bars in
Figs. 8 and 9 reflect these uncertainties.

IV. Conclusions

Unlike nonbuoyant flames generated in microgravity facilities,
low-pressure flames have lower soot-volume fractions. Although the
results from the near-vacuum measurements are consistent with the
trends from high pressure combustion experiments, they are not
consistent with results recorded from diffusion flame experiments in

drop towers, flights aboard parabolic aircraft, or aboard the
International Space Station. The main conclusions can be
summarized as follows:

1) It is evident that factors, aside from low buoyancy, are present
during microgravity combustion, which may not be fully captured
using subatmospheric flames.

2) Sensitivity of soot formation to pressure is not the same at
subatmospheric and superatmospheric pressures. At subatmospheric
conditions, soot formation shows a very strong dependence on
pressure; this dependence gets weaker as the pressure is increased.

3) For the small flames used in this study, acceleration approxi-
mations based one one-dimensional arguments yield significant
errors in carbon conversion to soot evaluations.
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