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ABSTRACT

An experimental study has been conducted to investigate soot formation in laminar co-flow ethylene-air
diffusion flames with nitrogen dilution from a co-flow circular nozzle at pressures from 10 to 35 atm.
Spectral soot emission (SSE) diagnostic technique was used to determine the radially resolved soot
and temperature field structure. Constancy of ethylene and nitrogen flow rates were maintained and
the flow rates of ethylene and nitrogen were selected such that no smoke was emitted even at the highest
soot loadings. The flame height, marked by visible flame radiation, remained constant at about 5.5 mm
and the cross-sectional area of the flame decreased with increasing pressure. At 10 atm, the peak soot
concentration of less than 8 ppm, was measured near the flame tip. At 35 atm, the peak soot concentra-
tion of about 62 ppm, was measured near the mid-height of the flame. The conversion of carbon in the
fuel to soot was strongly dependent on pressure particularly in the lower pressure range. At higher pres-
sure this dependence was weaker. The peak carbon conversion to soot, 6.5%, was observed at 30 atm and
remained constant to 35 atm. Temperatures increased along the flame axis and the peak temperature was

observed near the flame tip to indicate complete soot oxidation.
© 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The bulk majority of transport vehicles we use today rely on the
combustion of hydrocarbon fuels to provide power. However, due
to the carbon-based nature of the fuel source, combustion of the
hydrocarbon fuel emits solid carbon particulate matter in the form
of visible smoke or soot, if these carbonaceous matter is not oxi-
dized fully in the flame. The formation of soot has important con-
sequences because soot particles not only pollute the environment,
but pose adverse health effects to people as well. These soot parti-
cles have carcinogenic properties and yield ill-effects on human
lungs [1-3]. Furthermore, soot particles have been implicated as
a major contributor to climate forcing. The soot particles from air-
craft engine exhaust may be one of the leading culprits of global
warming, perhaps second only to that of CO, [4]. The soot particles
affect the earth’s temperature and climate, both regionally and
globally by altering the radiative properties of the atmosphere.
The deposition of soot aerosol in snow and ice alters its reflectivity
(snow albedo) and thus the ability to reflect the incident sunlight is
reduced [4]. This introduces another warming effect and the effect
of snow albedo may be responsible for a quarter of global warming
that has been observed [5].

Soot formation and oxidation during the combustion process is
dependent on several parameters. One of the most important of
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these is the pressure which causes a significant increase in soot
production with increasing pressure. Since practical work produc-
ing combustion devices, such as internal combustion engines and
gas turbines operate at elevated pressures, a close examination of
soot formation and oxidation in the high pressure environment is
required to address the environmental problems posed by these
devices. Efforts to elucidate the effect of pressure on soot formation
have been focused largely on providing a functional relationship
between pressure and soot formation. However, only a few exper-
imental studies have been conducted at high pressures [6-11].
These studies report a significant increase in soot concentration
measurements with increasing pressure. Flower and Bowman [7]
and Lee and Na [9] employed a laser diagnostic technique to study
axisymmetric laminar diffusion flames of ethylene at elevated
pressures. Flower and Bowman [7] report that the maximum inte-
grated soot volume fraction across the flame diameter scales with
pressure raised to a power of 1.2 for pressures between 1 and
10 atm, while measurements of Lee and Na [9] indicate a similar
pressure scaling with the exponent 1.26 for pressures up to
4 atm. McCrain and Roberts [10] measured path-integrated soot
volume fraction (across the flame diameter) in methane
(1-25 atm) and ethylene (1-16 atm) flames and report the pres-
sure exponents as 1.0 and 1.2, respectively. To our knowledge,
measurements with ethylene diffusion flames at elevated pressure
that are available in the literature are up to 16 atm [10]. Experi-
mental work by Thomson et al. [11] also measured path-integrated
soot volume fraction up to 40 atm and similar pressure exponents
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to those reported in [7,9,10] have been found. In high pressure
laminar diffusion flames, however, fraction of carbon in the fuel
that is converted to soot, rather than the line-of-sight integrated
soot volume fraction, is a better measure to assess the sensitivity
of soot formation to pressure [7,11]. Measurements by Thomson
et al. [11] with methane flames report unity pressure exponent
for the percentage of fuel’s carbon converted to soot for pressures
between 5 and 20 atm, and 0.1 for pressures between 20 and
40 atm. Similarly, measurements by Bento et al. [6] on laminar dif-
fusion flames of propane report the scaling pressure exponent as
3.3 from atmospheric to 2 atm, and 1.1 for pressures between 2
and 7.2 atm. In more recent findings, work by Joo and Giilder [8]
on high pressure methane laminar diffusion flames report the pres-
sure exponent as 0.73 for pressures between 10 and 30 atm, and
0.33 for pressures between 30 and 60 atm.

It is important to recognize that the pressure sensitivity of the
fraction of carbon in the fuel converted to soot from C; and Cs
hydrocarbons appeared to decrease with pressures approaching
the critical pressure of the fuel in the experimental studies pre-
sented in [6,8,11]. Considering the difficulties involved in conduct-
ing high pressure experiments and the importance of such fuels as
ethylene as a key intermediate in the combustion process, addi-
tional measurements are required to provide support to the accu-
racy of recent experimental data in [6,8,11] and to the
development of a robust model. Thus, the main objective of this
study is to investigate the pressure sensitivity of soot formation
in nitrogen-diluted ethylene-air diffusion flames by providing
radially resolved soot concentration and temperature measure-
ments at elevated pressures. The information provided here covers
a substantial pressure range and offers detailed measurements
pertaining to ethylene up to 35 atm.

2. Experimental methodology

Experiments are conducted in the high pressure combustion
chamber with a design pressure of 110 atm that is equipped with
three quartz glass windows located at 0°, 90° and 180° for a line-
of-sight and 90° scattering and imaging measurements. The sche-
matic drawing of the chamber is provided in Fig. 1 and described
in [6,8]. The annular co-flow burner is comprised of a straight
bored-through stainless steel fuel nozzle with an exit diameter of
3 mm and an air nozzle diameter of 25.4 mm. The fuel nozzle is ta-
pered towards the tip to form a knife-edge at the rim. Sintered me-
tal foam elements are included in the fuel and air nozzles to
straighten and reduce the instabilities in the flow and to create a
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Fig. 2. Schematic drawing of the burner.

top hat exit velocity profile as the gases leave the foam elements.
The schematic drawing of the burner is provided in Fig. 2.

Ethylene and nitrogen were introduced to the burner directly
and mixed in the fuel tube prior to leaving the foam element. Con-
stant ethylene mass flow rate of 0.27 mg/s that corresponds to car-
bon mass flow rate of 0.232 mg/s was maintained at all pressures.
Constant nitrogen mass flow rate of 1.35 mg/s was maintained at
all pressures, that is, nitrogen was added to the ethylene fuel
stream at the ratio of 5-1 by volume. Air co-flow rate was fixed
at 0.4 g/s for soot and temperature measurements at elevated pres-
sures. These flow rates were selected to produce a non-smoking
flame at 35 atm and yet, yield sufficient soot radiation emission
without saturating the field.

The theory of the spectral soot emission diagnostic (SSE) are de-
scribed previously in [6,11,12], and the detailed layout of the
experimental setup are described in [8]. In SSE, line-of-sight radia-
tion emission from soot is measured along chords through the
flame. A series of emission projections at a given axial location in
the flame can be inverted to obtain radially resolved emission rates
from which temperature and soot volume fraction can be deter-
mined when soot optical properties are known [13]. Soot radiation
emission measurements are recorded every 50 pm from left- to
right-side of the flame to scan the entire cross-section at axial
height location. The measurements are repeated along the axial
height locations in the flame at increments of 0.5 mm until the en-
tire flame is scanned.

3. Results and discussions
3.1. Physical flame appearance

At atmospheric conditions, the flame was completely blue! with
no visible sooting zone. The flame attained a saucer shape and hov-
ered at about two tube diameters away from the fuel nozzle tip,
Fig. 3. The flame was very sensitive to the slightest flow instabilities.
Any disturbances in the flow field resulted in a sudden flame blow-
off. As the pressure increased, however, the flame became stable and
the lift-off height decreased. A yellow sooting region appeared near
the tip of the flame and increasingly filled the portion occupied pre-
viously by the blue flame. At 10 atm and above, the flame was at-
tached by the typical blue flame zone near the fuel nozzle rim,

! For interpretation of color in Figs. 3 and 4, the reader is referred to the web
version of this article.



418

(@)

.= 5.4 mm

I L, =0.9 mm

Fig. 3. Images of nitrogen-diluted laminar ethylene-air diffusion flames at atmo-
spheric conditions. Ethylene flow rate is 0.27 mg/s and nitrogen flow rate is
1.35 mg/s. (a) Air co-flow rate 0.2 g/s, (b) air co-flow rate 0.28 g/s.

Fig. 4, and showed no sensitivity towards ambient aerodynamic
forces. At 35 atm, only a small portion of the flame very close to
the fuel nozzle rim remained blue, Fig. 4. The visible flame heights
in this work remained constant at about 5.5 mm for pressures be-
tween 10 and 35 atm. The physical appearance of the flame pre-
sented in this work is consistent with the theory [14,15] and the
work presented in [6,8,11].

As the pressure increased, axial flame diameter decreased to
give an overall stretched appearance to the flame as noted by pre-
vious investigators [6-8,11]. For pressures between 10 and 35 atm,
the cross-sectional area of the flame decreased as A. o< P! to give a
pinched appearance to the flame, Fig. 4. This observation is in
agreement with the previous experimental studies [6,8,10,11] as
well as to the recent numerical effort in [16] that showed that
the axial velocity profiles are independent of pressure along the
flame centerline in methane diffusion flames between 0.5 and
4 MPa. The inverse dependence of the flame cross-sectional area
to pressure implies that the residence times are independent of
pressure and thus the measurements can be compared at the same
height above the burner exit [6,8,11].

The constancy of the residence time can be illustrated by using
the flame height expression developed in [14]. To a first approxi-
mation, the height of the buoyancy-dominated laminar co-flow
diffusion flame established on a circular-port burner under fixed

fuel flow rate, scales with the volumetric fuel flow rate Q, and
molecular diffusivity, D as,

Q A
Hox = o — 1
where v is the fuel exit velocity and A is the nozzle exit area [6]. For
a fixed mass flow rate, density scales with pressure and thus the
velocity varies inversely with pressure. However, since the molecu-

10 atm 20 atm 30 atm 35 atm
Fig. 4. Images of nitrogen-diluted laminar ethylene-air diffusion flames at pres-
sures 10-35 atm. The visible flame height remained constant at about 5.5 mm.
Ethylene flow rate is 0.27 mg/s and nitrogen flow rate is 1.35 mg/s. Co-flow air is
fixed at 0.4 g/s.
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lar diffusivity, D, is inversely proportional to pressure, the height of
the diffusion flame is independent of pressure. Hence, the average
velocity within the flame envelope 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 narrower cross-section but at a higher

density, thus keeping the average velocity constant at a given
height.

3.2. Soot concentration measurements

A three-dimensional representation of radial soot volume frac-
tion profiles for the ethylene-air laminar diffusion flames diluted
with nitrogen as a function of pressure from 10 to 35 atm is pre-
sented in Fig. 5. Detailed measurements of soot concentration pro-
files are provided in Fig. 6. Overall, the pressure has a significant
effect on sooting ethylene-air diffusion flames. The measured
maximum soot concentration increased from less than 8 ppm at
10 atm to over 62 ppm at 35 atm. Soot forms first in an annular
band near the burner rim. With increasing pressure, the annular
band becomes less pronounced at higher axial flame locations,
and the maximum soot concentration is observed near the flame
centerline, Fig. 6. The contraction of the flame diameter with pres-
sure is reflected by the decreasing radial distances of the peaks in
the radial soot volume fraction profiles for pressures between 10
and 35 atm, Fig. 6. The axial location of the maximum soot concen-
tration decreased from 4.5 mm at 10 atm to 3.5 mm at 35 atm. The
decrease in the axial location is reflective of the fact that the soot-
ing region expands towards the burner rim with increasing
pressure.

As expected, soot concentrations are relatively low because
nitrogen was added to the ethylene fuel stream. Using an additive
has three general effects as described extensively by Du et al. [17]
and Liu et al. [18]: (1) thermal effect due to the change in the flame
temperature; (2) direct chemical effect due to the active participa-
tion of the diluent in the chemical reaction concerning soot forma-
tion and oxidation and (3) dilution effect since the concentrations
of the reactive species responsible for soot formation is reduced.
However, it is difficult to isolate properly the individual effects be-
cause these effects are intimately coupled. For example, it is argued
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Fig. 5. A three-dimensional representation of soot concentration profiles. The
“Heights” on the figure axis represents successive axial flame locations along the
flame used in the measurements for each flame at various pressures indicated.
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Fig. 6. Radially resolved soot concentration profiles at pressures 10-35 atm.

that an additive reduces the flame temperature (thermal effect) by
lowering the concentration of the species that are responsible for
the exothermic reaction (dilution effect). Furthermore, the additive
itself can participate directly in the chemical reaction to alter the
flame temperature and the mechanisms responsible for the soot
formation and oxidation. Although some of the heat that is liber-
ated from the reaction is absorbed by nitrogen, active participation
of nitrogen in the reaction to have a major chemical influence is
not considered substantive. In view of the thermal consideration,
there is an obvious thermal effect in the present ethylene-air
experiments because the calculated flame temperature with the
addition of nitrogen to the fuel stream is about 310 K lower than
pure ethylene-air flame temperature. It is believed that lower tem-
peratures inhibited pyrolysis reaction rates and thereby reduced
the concentrations of the precursor species responsible for soot
formation.

As suggested by previous investigators [7,11], the sooting pro-
pensity of the flame to pressure is assessed better by determining
the percentage of total carbon in the fuel converted to soot, rather
than path-integrated soot volume fraction. The same approach is
adopted here to assess the influence of pressure. The mass flow
rate of carbon in the form of soot, 115, can be determined through
the relationship,

ms(z) = vz(z)ps/2nrf\,(r,z)dr (2)

where 7, is the axial velocity, p, = 1.8 g/cm? is the soot density and
z is the axial height. The axial velocity is estimated as ,(z) = (2az)"/
2, where a is an acceleration constant commonly assumed to be
25 m/s? [7,15]. The percentage of carbon in the fuel converted to
soot is then simply #, = m,/m. where . is the carbon mass flow
rate at the nozzle exit. It should be noted that Eq. (2) assumes that
the axial velocity is uniform within the flame envelope. Although
this is not entirely correct, especially lower in the flame and near
the burner tip, at higher axial locations it is a sound approximation
that has been used in previous studies [6-8,11] and it was one of
the main assumptions in Roper’s formulation [14]. The uncertainty
introduced by this assumption in the maximum carbon conversion
to soot is estimated to be less than 15%, in view of the velocity field
calculations in similar flames [16]. The maximum percentage of car-
bon conversion to soot, observed at 30 atm at 3 mm axial flame
location, is about 6.5%, Fig. 7. At lower pressures, the peak conver-
sion occurs closer to the flame tip at about 4 mm flame height. In
general, the flame height at which maximum fuel carbon conver-
sion occur decreases with increasing pressure. This is due to the fact
that sooting zone expanded towards the nozzle with increasing
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pressure and thus the peak conversion occurs at approximately
mid-height of the flame at higher pressures. A logarithmic plot of
maximum percentage conversion of carbon to soot as a function
of pressure is shown in Fig. 8. The percentage of fuel carbon conver-
sion to soot has a power-law relationship of 75« P" where n is
about 1.36 for pressures 10-30 atm. The pressure exponent for
the power-law relationship reported in this work is in agreement
within experimental error margins with the exponents reported
in Thomson et al. [11] and Joo and Giilder [8] for the similar pres-
sure range in methane diffusion flames.

The fuel carbon conversion to soot appears to have peaked at
pressures approaching the critical pressure of the fuel, Fig. 9. In
Fig. 9, the abscissa represents reduced pressure, defined here by
normalizing the actual pressure by the respective average critical
pressure of the fuel and oxidizer mixture of stoichiometric propor-
tions since the critical pressures of each of the gases are relatively
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Fig. 9. Maximum conversion of carbon in the fuel to soot as a function of reduced
pressures normalized by average critical pressures of the fuel-oxidizer stoichiom-
etric mixture.

Table 1
Critical properties of the gases [20].

Gas Molar mass Critical pressure Critical temperature
(g/mol) atm (MPa) (K)

Methane 16.04 45.8 (4.64) 190.8

Oxygen 32.00 50.2 (5.09) 154.6

Nitrogen 28.01 33.6 (3.40) 126.3

Ethylene 28.05 49.7 (5.04) 2824

similar. The critical properties of the gases are tabulated in Table 1.
In all of the experiments, the plot reveals a declining sensitivity to
pressure as it approaches the reduced pressure of unity with the
exception of methane-oxygen case. In the methane-oxygen case,
there is a reduction in the fuel carbon conversion to soot at reduced
pressure P, = 1. This confirms the previous experimental findings in
[6,8,11] where they also report a declining pressure dependence of
the fraction of fuel carbon converted to soot at pressures approach-
ing the critical pressure of the fuel. It is possible that at higher
pressures, the fuel carbon conversion to soot will perhaps exhibit
a decreasing trend to a negligible quantity as shown by meth-
ane-oxygen flames in [19]. In [19], the percentage of conversion
of carbon in the fuel to soot initially increases with pressure up
to 40 atm then decreases to less than one-tenth of a percent when
the pressure is increased further to 90 atm. A possible reason could
be that at elevated pressure, oxygen is entrained strongly into the
fuel stream near the burner tip and thus, the soot inception and
growth are inhibited early in the lower portion of the flame [16].

3.3. Temperature measurements

The soot temperature profiles for the ethylene-air flames are
similar to those reported in [8] for methane-air flames. Detailed
measurements of temperature profiles are provided in Fig. 10. Gen-
erally, the temperatures increased along the flame axis and the
peak temperature was observed near the flame tip to confirm the
non-smoking nature of the flame by completely oxidizing the soot
within the flame envelope. In general, temperatures decrease with
increasing pressure due to increased soot radiation emission with
rising pressure. The decrease in temperature, however, is small
and it is comparable to [8] with similar soot loadings.
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Fig. 10. Radially resolved temperature profiles at pressures 10-35 atm.

The value of the refractive index is required to calculate the soot
volume fraction and temperatures from the emission data. How-
ever, there is a lack of understanding of the dependence of soot
optical properties, specifically soot refractive index on tempera-
ture, wavelength, and soot aggregate size. The implications of this
uncertainty are discussed in detail in [6] and the errors introduced
in temperature and soot concentration measurements are summa-
rized. To be consistent with our previous measurements of soot
and temperature by the soot emission spectroscopy
[6,8,11,12,19], we used the same value for the soot refractive index
in the current work. Since the spectral soot emission diagnostic
used in this study measures the soot radiation emission to deter-
mine the soot temperature and soot volume fraction, measure-
ments can be only made in locations where sufficient soot exists
to provide a resolvable signal. These regions typically occur at ra-
dial locations near the peak soot concentrations where they pro-
vide the best signal to calculate the temperatures. Temperatures
can be inaccurate in the flame core due to low soot concentrations
relative to the peak concentrations in the flame annulus [11]. Fur-
thermore, previous characterization of SSE diagnostic [12] has
shown that temperature at the edge of the flame annuli are lower
than the temperature predicted by flame models or other experi-

mental diagnostics. It is believed that the inversion algorithm used
to invert the rapidly decreasing line-of-sight emission intensities at
the flame edge introduces errors to create this temperature differ-
ence. Thus the peak temperatures in the reaction zone are under-
predicted. It is possible that the limitations of the temperature
measurements in the core and on the outside of the soot annulus
may be caused by beam steering when the SSE diagnostic is ap-
plied to a flame with such intense temperature gradients. There-
fore, the radial temperature profiles provided in Fig. 10 are
limited to the annuli regions where sufficient soot exist to provide
a resolvable signal.

The soot particles in the flame absorb and emit radiation, thus
emissions from soot are inherently attenuated by other soot parti-
cles along the detection path in the flame. However, the cross-sec-
tional area of the flame decreased with pressure so the length at
which the emissions are attenuated is shortened. Since the attenu-
ation of emission is a function of the product of the soot concentra-
tion and the absorption path length, attenuation by soot particles
in the flame is assumed negligible. Furthermore, the flame emis-
sion model presented in [12] showed that attenuation of emission
by soot particles introduced only a small error into the measure-
ments (i.e., <2%). Thus, no attenuation correction is applied to the
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data even for the highest soot loadings observed in the study. The
total uncertainties in the temperature and soot volume fraction
measurements were estimated as 3.5% and 40%, respectively, with
95% confidence interval.

4. Concluding remarks

In the present investigation, the influence of pressure on soot
formation was examined and measurements of soot concentra-
tion and temperature field structure were presented. At atmo-
spheric conditions, the flame was lifted and not stable at high
air co-flow rates. For pressures between 10 and 35 atm, the
flame height, marked by visible soot radiation, remained con-
stant at about 5.5 mm and the cross-sectional area of the flame
decreased with pressure. There was almost an eightfold increase
in the measured soot volume fraction when the pressure was in-
creased from 10 to 35 atm. The percentage of fuel’s carbon con-
tent conversion to soot was strongly dependent on pressure. At
30 atm and above, however, the pressure dependence got weaker
and at 35 atm, the percentage of carbon in the fuel converted to
soot appeared to become independent of pressure. The maxi-
mum percentage of carbon in the fuel converted to soot, 6.5%,
was observed at 30 atm and remained constant to 35 atm. Our
results are consistent with the previous observations in other
gaseous fuels that pressure sensitivity of conversion of fuel’s car-
bon to soot decreases with pressures approaching the critical
pressure of the fuel. Generally, the temperatures increased along
the flame axis and decreased with pressure. The peak tempera-
ture was observed near the flame tip to indicate complete soot
oxidation.
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