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Abstract

The effects of pressure on soot formation and the structure of the temperature field were studied in co-
flow methane—air laminar diffusion flames over a wide pressure range, from 10 to 60 atm in a high-pressure
combustion chamber. The selected fuel mass flow rate provided diffusion flames in which the soot was com-
pletely oxidized within the visible flame envelope and the flame was stable at all pressures considered. The
spatially resolved soot volume fraction and soot temperature were measured by spectral soot emission as a
function of pressure. The visible (luminous) flame height remained almost unchanged from 10 to 100 atm.
Peak soot concentrations showed a strong dependence on pressure at relatively lower pressures; but this
dependence got weaker as the pressure is increased. The maximum conversion of the fuel’s carbon to soot,
12.6%, was observed at 60 atm at approximately the mid-height of the flame. Radial temperature gradients
within the flame increased with pressure and decreased with flame height above the burner rim. Higher
radial temperature gradients near the burner exit at higher pressures mean that the thermal diffusion from
the hot regions of the flame towards the flame centerline is enhanced. This leads to higher fuel pyrolysis
rates causing accelerated soot nucleation and growth as the pressure increases.
© 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction load on combustor components causing mainte-
nance and reliability problems. Soot itself is

Soot emissions resulting from diffusive com- intrinsically toxic and soot particles are strongly

bustion of hydrocarbons have long been recog-
nized as a significant problem. For example, the
presence of soot affects adversely the performance
of propulsion systems. Continuum radiation from
soot is the dominant mechanism of the spread of
unwanted fires. Soot radiation is the major heat
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associated with detrimental health effects. In the
earth’s atmosphere soot contributes to the entrap-
ment of the solar radiation that is believed to lead
to global warming. Further, when soot aerosols
are deposited on ice and snow covered surfaces,
they reduce the sea ice and snow albedo leading
to higher heat absorbtion [1,2]. It is suggested that
reducing soot emissions, and thereby restoring
snow albedos to pristine high values would in turn
have the effect of reducing global warming [1].
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Soot formation and oxidation in combustion
devices are dependent on several parameters. One
of the most important of these is the pressure which
has a significant influence on the rate of soot forma-
tion and oxidation in combustion systems.
Although most of the practical combustion devices
used in transportation systems and stationary gas
turbine combustors operate at elevated pressures,
our understanding of the effects of pressure on soot
formation and oxidation processes is limited. In
most practical diffusion combustion systems and
fires, the combustion is turbulent. However, the
high level of intermittency and short residence
times involved in these flames are not always suit-
able for direct experimental studies of combustion
events like soot formation. One of the most widely
used approximations is to exploit the similarities in
laminar and turbulent diffusion flames using
approaches like the laminar flamelet concept that
facilitates a tractable flame model. For this reason,
most of the soot measurements are made in laminar
diffusion flames that provide easily controlled con-
ditions and the results can be projected to practical
turbulent flames.

Current understanding of the influence of pres-
sure on soot formation and oxidation is limited.
Flower and Bowman [3] studied laminar diffusion
flames of ethylene at a pressure range of 1-10 atm,
by measuring line-of-sight integrated soot volume
fractions and temperatures along the flame center-
line. They report a pressure scaling of maximum
integrated soot volume fraction with an exponent
of 1.2 from atmospheric to 10 atm pressure for
ethylene diffusion flames. Measurements of Lee
and Na [4] indicate a similar pressure scaling for
the maximum integrated soot volume fraction
with an exponent of 1.26 in laminar ethylene
flames from atmospheric to 4 atm. Lee and Na
[4] also report limited radially resolved soot vol-
ume fraction data that imply a square dependence
on pressure of maximum local soot volume frac-
tion at a height of 20 mm above the burner rim.
McCrain and Roberts [5] measured path
integrated and local soot volume fractions by
line-of-sight attenuation and laser-induced incan-
descence, respectively. Their measurements cov-
ered a pressure range of 1-25atm in methane
flames and 1-16 atm in ethylene diffusion flames
yielding similar pressure exponents as [3.4].
Thomson et al. [6] reported radially resolved soot
concentration and soot temperature results in
laminar diffusion flames of methane using soot
emission spectroscopy and line-of-sight attenua-
tion which are the first detailed measurements of
soot and temperature done at elevated pressures
up to 40 atm. It was shown that in high-pressure
laminar diffusion flames, fraction of fuel’s carbon
content that is converted to soot, rather than the
line-of-sight integrated volume fraction, should
be used in assessing the sensitivity of soot forma-
tion to pressure [3,6]. Measurements by Bento

et al. [7] on laminar diffusion flames of propane
covered the pressure range from atmospheric to
7.2 atm and their results were comparable to [6]
for the low pressure range.

The main objective of the research reported in
this paper is to extend the measurements reported
in [6] beyond 40 atm and determine spatially
resolved soot volume fraction and temperature
in methane diffusion flames at elevated pressures.
Spectral soot emission (SSE) measurements in
the methane flame are presented for pressures
from 10 to 60 atm.

2. Experimental methodology

The experimental high-pressure combustion
chamber and the laminar diffusion flame burner
used in this study are described in detail in [6,7].
The design pressure of the chamber is about
110 atm, and its internal diameter and internal
height are 0.24 and 0.6 m, respectively. Optical
access into the chamber is through three ports at
0°, 90°, and 180° locations allowing line-of-sight
measurements as well as 90° scattering and imag-
ing experiments. The burner has a fuel nozzle exit
diameter of 3.06 mm and an air nozzle diameter of
25 mm. Sintered metal foam elements are included
in the fuel and air nozzles to straighten and reduce
the instabilities in the flow and to create a top hat
exit velocity profile as the gases leave the foam ele-
ments. A schematic of the vessel is shown in
Fig. 1.

The theory and overall experimental layout
of the spectral soot emission diagnostic (SSE)
are described previously [6-8]. In SSE, line-of-
sight radiation emission from soot is measured
along chords through the flame. A series of
emission projections at a given height in the
flame can be inverted to obtain radially resolved
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Fig. 1. A schematic of the high-pressure combustion
chamber.
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emission rates from which temperature and soot
volume fraction can be determined when soot
optical properties are known [9]. The emitted
radiation from soot first passes through an
adjustable aperture and lens unit. For the cur-
rent study an aperture diameter of approxi-
mately 6.2 mm and associated f~number of f/48
was used. The lens selected for this study is an
achromatic doublet lens with a focal length of
300 mm. The lens has an antireflective coating,
effective within the wavelength range of 650-
1050 nm. The purpose of the lens is to image
the flame radiation onto the entrance slit of
the spectrometer. The lens is positioned to pro-
duce a 1:1 image with no magnification. The
entrance to the spectrometer contains two slits:
the vertical slit is approximately 25 pm in width
and the horizontal slit is approximately 290 pm
in height. The slit sizes play a role in the result-
ing spatial resolution of the collected data.

The spectrometer is an imaging Czerny—Turner
spectrometer that internally uses aspheric mirrors.
The spectrometer grating used for this task has a
blaze wavelength of 750 nm and is manufactured
with 300 groves/mm. The spectrometer has a dis-
persion of approximately 18.84 nm/mm.

The total array size of the CCD is 1340 x 400
pixels. However, due to the restricted size of the
entrance slit, a region of interest of size
1340 x 80 pixels was selected. Combined with
the previously mentioned spectrometer and grat-
ing, the CCD camera is capable of capturing an
approximate wavelength spread of 505 nm across
the camera array, providing a spectral step size
of 0.377 nm/pixel. However, the CCD resolution
at FWHM (full width at half maximum) using
2.5 pixels, is approximately 0.942 nm. The expo-
sure time is controlled by an electronic shutter
mounted on the front face of the camera, just
forward of the CCD array. The shutter speed
was selected based on an optimal intensity count
registered on the CCD. After viewing the meth-
ane-air diffusion flame at various pressures, an
exposure time of one second was selected. Knife
edge scans were performed to locate the focal
point as well as to determine that an appropriate
depth of field had been met. The spatial resolu-
tion of the SSE system was also determined
through the analysis of knife edge scans. The
horizontal spatial resolution was found to be
approximately 70 pm. The vertical spatial resolu-
tion was inferred to be approximately 290 pm. In
order to calibrate the spectral axis of the CCD
array a pencil style neon calibration lamp was
used. The system is calibrated for radiation
intensity using a filament lamp, with a calibra-
tion traceable to NIST, placed inside the cham-
ber. The uncertainty in the spectral radiance
temperature is about 5 K. Further details of the
experimental set-up and data reduction are given
in [6-8].

The fuel flow rate was selected to match the
carbon mass flow rate of the studies performed
previously with methane diffusion flames up to
40 atm [6], and propane diffusion flames up to
7.2 atm [7]. A constant methane mass flow rate
of 0.55 mg/s, which corresponds to a carbon mass
flow rate of 0.412 mg/s, was maintained at all
pressures. For each pressure, measurements were
obtained at height increments of 0.5 mm from
the burner tip to the tip of the flame and at hori-
zontal increments of 50 pm.

3. Results and discussion

As the pressure was increased, axial flame
diameters decreased giving an overall stretched
appearance to the flame as noted by Flower
and Bowman [3], Thomson et al. [6] and Bento
et al. [7]. For pressures between 10 and 60 atm,
the flame radius varied by approximately,
reoc P7%5 and the flame cross-sectional area var-
ied by approximately, A;oc P~'. This observa-
tion is in agreement with previous experimental
results using methane and propane flames [5-7].
An inverse dependence on pressure for the flame
cross-sectional area implies that residence times
are independent of pressure which allows mea-
surements to be compared at the same height
above the burner exit. This has also been con-
firmed by a recent numerical effort [10] that
shows that the axial velocity profiles are pres-
sure independent along the flame centerline in
methane diffusion flames between 5 and 40 atm.

This can also be illustrated by using the flame
height expressions developed in [11]. It is shown
that, to a first approximation, the height of a
buoyancy-dominated laminar co-flow diffusion
flame, established on a circular fuel nozzle, scales
with molecular diffusivity, D, and fuel flow rate,
0, as [11],
2l (1)

D PD
for a fixed flow rate of fuel. Here, v is the mean
fuel exit velocity and A is the fuel nozzle exit area.
Since molecular diffusivity, D, is inversely propor-
tional to pressure, P (i.e. D o 1/P), then the height
of the diffusion flame is independent of the pres-
sure. At a given height above the burner nozzle
exit, the average velocity within the flame enve-
lope will not change with pressure, if the flame
cross-sectional area varies inversely with pressure.
That is, as the pressure increases, the material flow
within the flame envelope will be through a nar-
rower cross-section but at a higher density, thus
keeping the average velocity constant at a given
height.

Visible flame heights, as indicated by soot radi-
ation, remained constant at approximately 9 mm
between pressures 10 and 100 atm. For pressures
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lower than 10 atm, visible flame heights tended to
decrease and the blue flame region near the nozzle
exit became more expansive as the pressure neared
atmospheric pressure. Soot formation seemed to
occur mainly at the tip of the flame for lower pres-
sures, however, as the pressure increased, the
luminous carbon zone moved downward filling
an increasingly larger portion of the flame. Similar
observations were reported for ethane and pro-
pane diffusion flames [7,12]. In [6], soot volume
fraction and temperature profiles throughout the
methane diffusion flame were reported as a func-
tion of pressure between 0.5 and 4 MPa at a con-
stant methane mass flow rate of 0.55 mg/s. Also
reported were the methane diffusion flame pictures
at various pressures at a constant methane mass
flow rate of 0.66 mg/s. These pictures depicted
an almost constant visible flame height between

Soot Volume Fraction [ppm]

Fig. 2. A three-dimensional rendition of the soot
volume fraction as a function of pressure and the spatial
location within the flame. It should be noted that the
“Flame Heights” coordinate is successive flame heights,
from the burner rim to the tip of the flame, for each
flame at various pressures as indicated.

160

P =4.0MPa —=—0.5mm

140 4 ¥\ —o—1.0mm| 7
/ % —e—1.5mm

120 4 (A —0—2.0mm| J
| )} —A—25mm
A —A—3.0mm

100 [l { —e—35mm| -
%71 —o—4.0mm
80 / / —¥—4.5mm

Soot Volume Fraction [ppm]

Radial Distance [mm)]

Fig. 3. Soot concentration profiles at 40 atm at the
lower half of the flame, from 0.5 to 4.5 mm above the
burner rim.
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5 and 20 atm. But the visible flame height started
getting shorter as the pressure increased further
up to 80 atm. The gradual reduction in visible
flame height with pressure beyond 20 atm could
not be replicated through several repeat measure-
ments — in all experimental sets the visible flame
height remained constant between 10 and
100 atm.

A three-dimensional depiction of the soot vol-
ume fraction as a function of pressure, and spatial
location within the flame is shown in Fig. 2. Soot
volume fraction increases significantly with
increasing pressure and the maximum soot loca-
tion moves towards the centerline. Detailed radial
soot concentration profiles in methane diffusion
flames are shown in Figs. 3-8 at heights of
0.5-9 mm above the burner rim at 40, 50, and
60 atm. Measurements were made by scanning
the entire flame diameter at each measurement
height; however, the data shown in Figs. 2-8 rep-
resent averages of the left and right side scans.
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Fig. 4. Soot concentration profiles at 40 atm at the

upper half of the flame, from 5 to 8.5 mm above the
burner rim.
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Fig. 5. Soot concentration profiles at 50 atm at the
lower half of the flame, from 0.5 to 4.5 mm above the
burner rim.
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Fig. 6. Soot concentration profiles at 50 atm at the
upper half of the flame, from 5 to 8.5 mm above the
burner rim.
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Fig. 7. Soot concentration profiles at 60 atm at the
lower half of the flame, from 0.5 to 4.5 mm above the
burner rim.

Soot forms first in an annular band near the
burner rim, much like the atmospheric laminar
diffusion flames. Near the mid height of the flame,
the annular distribution of soot remains pro-
nounced, but soot also begins to appear in the
core of the flame. Soot appearance in the core of
the flame at lower flame heights occurs at higher
pressures, see, e.g., Figs. 5 and 7. At the tip of
the flame, the annular distribution disappears
and a peak soot concentration is observed on
the flame centerline. The contraction of the flame
diameter with pressure is reflected in the location
of the peaks in the radial profiles of soot volume
fraction, Fig. 2. Soot concentrations showed a sig-
nificant increase with pressure; the peak soot vol-
ume fraction increased from about 14 ppm at
10 atm to over 180 ppm at 60 atm.

As expected, soot volume fraction increases
with increasing pressure since the flame is narrow-
ing which suggests that all species are at higher
concentrations. Further, the enhanced air entrain-
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Fig. 8. Soot concentration profiles at 60 atm at the
upper half of the flame, from 5 to 9 mm above the
burner rim.

ment with pressure into the flame near the burner
rim is expected to accelerate the pyrolysis process
[10]. To assess the sensitivity of sooting propensity
of the flame to pressure, previous studies sug-
gested [3,6,7] that the percentage of total carbon
in the fuel converted to soot as a function of
height is a better measure than the maximum
line-of-sight integrated soot concentrations. 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

s (z) = v,(2)ps / 2nrfy(r,z)dr, (2)

where v. is the axial velocity, ps = 1.8 g/cm3 is the
soot density, and z is the axial height. The axial
velocity is estimated using the relationship,
v.(z) = V2az, where a is an acceleration constant
commonly assumed to be 25 m/s” [3,13]. The per-
centage of carbon in the fuel converted to soot is
simply #, = rs/m., where 7. is the carbon mass
flow rate at the nozzle exit. A plot of maximum
percentage conversion of carbon to soot as a func-
tion of pressure is shown in Fig. 9 as a logarithmic
plot. However, a single power-law relationship be-
tween the percentage conversion of fuel’s carbon
to soot and the pressure is not obvious. The pres-
sure sensitivity decreases significantly as pressure
is increased. Also shown in Fig. 9 are the data re-
ported in [6] for methane flames with identical
experimental setup and conditions for the pres-
sure range of 5 to 40 atm. Agreement is within
the experimental error margins except at 40 atm.
For a power-law relationship of nsoc P*, n is
about 0.33 between 30 and 60 atm for the present
data. In [6], it was reported as 0.1 between 20 and
40 atm. Lower soot concentrations at 40 atm ob-
served in [6] is more likely related to the decreas-
ing flame heights with pressure. It is suspected
that in [6] above 20 atm the mass flow rate of
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Fig. 9. Maximum conversion of fuel’s carbon to soot as
a function of pressure. In the legend, SSE refers to soot
spectral emission and LOSA to line-of-sight attenuation
techniques.

the fuel was not constant but was gradually
decreasing with pressure due to difficulties in cal-
ibration of mass flow-meters operating at high
pressures.

Representative soot temperature profiles are
shown in Figs. 10 and 11 at various heights above
the burner exit at 60 atm. Since the spectral soot
emission technique used in this study is based on
measurements of soot emission, temperatures
can only be determined in locations where suffi-
cient soot exists to provide a resolvable signal.
These regions typically occur at radial locations
centered about the zones of peak soot volume
fraction. From previous characterization of the
SSE diagnostic [8], temperatures are known to
decrease at the outer edges of the annuli earlier
than would be predicted by flame models or other
experimental diagnostics, thus under-predicting
the peak temperature in the reaction zone. It is
believed that this fall off is caused by errors intro-
duced through the inversion algorithm when
inverting the rapidly decreasing line-of-sight emis-
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Fig. 10. Radial temperature profiles at 60 atm at the
lower part of the flame from 0.5 to 4.5 mm.
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Fig. 11. Radial temperature profiles at 60 atm at the
upper part of the flame from 5 to 9 mm.

sion intensities at the edge of the flame. In the core
of the flame, temperatures can also be inaccurate
due to low soot volume fractions relative to peak
soot volume fractions in the annulus [6]. It is pos-
sible that the increased uncertainties of tempera-
tures in the core of the flame and on the outside
of the soot annulus may be linked to optical
limitations and beam steering when the current
temperature diagnostic is applied in such a narrow
flame. Consequently, the temperature plots pro-
vided here have been limited to regions centered
about the soot annuli. The radial temperature
profiles are similar to those observed in high-pres-
sure diffusion flames of methane and propane
[6,7]. Multiple measurements at the same location
on different occasions showed that the tempera-
ture curves are repeatable, within 2%, including
any anomalous temperature values discussed
above.

As the pressure increases, the visible flame gets
narrower resulting in steeper radial temperature
gradients. Maximum radial temperature gradi-
ents, calculated from the temperature profiles,
are shown in Fig. 12. The gradients are highest
near the burner rim, and generally decrease with
increasing height. The radial temperature gradi-
ents generally increase with pressure at very low
heights and near the tip of the flame. Near the
burner nozzle, radial temperature gradients are
as high as 1600 K/mm at the higher pressures,
whereas they drop to about 0 near the tip of the
flame, Fig. 12. Higher radial temperature gradi-
ents near the burner exit at higher pressures mean
that the thermal diffusion from the hot regions of
the flame towards the flame centerline is
enhanced. This causes higher fuel pyrolysis rates
which lead to accelerated soot nucleation and
growth as the pressure increases.

Modelling of the flame emission using the
methods described in [8] showed that attenuation
of emission by soot introduces only a small error
in the measurements (i.e. <2%) for even the high-
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Fig. 12. Maximum radial temperature gradient at var-
ious pressures as a function of the height above the
burner rim.

est soot loadings observed in this flame. This
result may seem surprising considering that soot
volume fractions of 180 ppm have been measured
in this flame; however, light attenuation is a func-
tion of the product of the soot concentration and
the absorption path length. Although soot con-
centrations are a factor of 10 larger than those
observed in the familiar atmospheric flames, e.g.
[14,15], the flame diameter is much smaller and
decreases with increasing pressure. A more
detailed discussion of the subject can be found
in [16]. Potential errors introduced in soot concen-
tration and temperature measurements due to the
uncertainty in soot refractive index are discussed
in detail in [6].

4. Concluding remarks

Soot volume fraction and soot temperature
profiles were measured using spectral soot emis-
sion to study the sensitivity of soot formation to
pressure in coflow laminar diffusion flames of
methane in air in a high-pressure combustion ves-
sel. The range of pressures investigated was from
10 to 60 atm. The mass flow rate of the methane
was kept constant at all pressures. Visible flame
heights, as indicated by soot radiation, remained
constant at approximately 9 mm between 10 and
100 atm. For pressures lower than 10 atm, visible
flame heights decreased with decreasing pressure.
Between 10 and 60 atm, the cross-sectional area
of the flame (measured from the radius defined
by either the maximum soot or maximum temper-
ature annuli) showed an inverse dependence on
pressure. Peak carbon conversion to soot, defined
as the percentage of the fuel’s carbon content con-
verted to soot, showed a strong pressure depen-
dence at relatively lower pressures; as the
pressure is further increased this dependence got
weaker. The maximum conversion of the fuel’s

carbon to soot, 12.6%, was observed at 60 atm
at approximately the mid-height of the flame.
Radial temperature gradients within the flame
increased with pressure and decreased with flame
height above the burner rim. Higher radial tem-
perature gradients near the burner exit at higher
pressures mean that the thermal diffusion from
the hot regions of the flame towards the flame cen-
terline is enhanced. This leads to higher fuel pyro-
lysis rates causing accelerated soot nucleation and
growth as the pressure increases.
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