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Abstract

The effects of pressure on soot formation and flame structure were studied experimentally and numer-
ically in coflow ethylene–air laminar diffusion flames between 10 and 35 atm. Reliable measurements up to
35 atm were permitted by diluting the fuel with nitrogen and suppressing smoke formation. These measure-
ments were compared with numerical predictions to assess the accuracy of current soot models applied to
high pressure diffusion flames. The numerical framework used in the present work represents the current
state of the art in computational modelling, making use of a block-based parallel implicit finite-volume
scheme and detailed radiation heat transfer. In the current implementation, a semi-empirical acetylene-
based model is used to predict the nucleation, growth, and oxidation of soot particles. Although the soot
model is based on experimental data at atmospheric pressure, it correctly predicted many of the observed
trends with pressure. A narrowing flame with constant height was observed as pressure was increased in
both the experiments and numerical results. The model also captured the observed relationship between
the maximum amount of carbon converted to soot and pressure, although soot volume fractions were gen-
erally over-predicted everywhere in the flames. In both the experiments and predictions, soot volume frac-
tions increased with pressure while the tendency of the fuel to produce more soot declined as pressure was
increased. Interestingly, the calculations predicted soot inside the fuel tube at 20 atm whose concentrations
increased with pressure. An analysis of the numerical results concluded that this early appearance of soot
was attributed to fuel pyrolysis inside the tube which accelerated as pressure was increased from 10 to
35 atm.
� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Pressure has a profound effect on the overall
soot yield as well as the rates of soot production
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and oxidation in diffusion flames. Our current
understanding of the effects of pressure on soot
formation and oxidation is limited as most experi-
mental and numerical studies have focused on
atmospheric flames. On the other hand, practical
combustion devices such as gas turbine combustors
and diesel engines operate at elevated pressures.

Despite the challenges associated with measur-
ing soot concentrations in high pressure laminar
ute. Published by Elsevier Inc. All rights reserved.
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diffusion flames, several studies at pressures above
atmospheric exist. Flower and Bowman [1] mea-
sured the line-of-sight integrated soot volume
fraction in ethylene flames between 1 and
10 atm. They found that the maximum value
reached in each flame scaled with pressure raised
to an exponent of 1.2. Lee and Na [2] obtained
a similar result for ethylene flames between 1
and 4 atm. More recently, the path-integrated
and local soot volume fractions were measured
in methane flames between 1 and 25 atm and eth-
ylene flames between 1 and 16 atm by McCrain
and Roberts [3]. Thomson et al. [4] obtained radi-
ally-resolved measurements for soot concentra-
tion and temperature in methane–air diffusion
flames from 5 to 40 atm. This work was continued
to include measurements up to 60 atm by Joo and
Gülder [5]. Similar experiments were performed
by Bento et al. [6] with propane–air flames up to
7.3 atm.

There are many numerical studies on soot for-
mation in laminar diffusion flames at atmospheric
pressure [7–11] but only a few at elevated pres-
sures [12,13]. The detailed numerical study by
Liu et al. [13] on methane–air diffusion flames
between 5 and 40 atm concluded that the increase
in soot production with increasing pressure was
due to larger mixture densities and higher species
concentrations. Increasing pressure was also
observed to enhance air entrainment into the fuel
stream near the burner tip, accelerating the pyro-
lysis of fuel. The study showed large discrepancies
between measurements and predictions which
were attributed to the inability of simplified soot
formation/destruction models to accurately pre-
dict soot concentrations. However, the fuel pre-
heating effect, which is known to significantly
affect numerical predictions [14], was neglected
in the study.

In the present research, laminar diffusion
flames of ethylene were studied both experimen-
tally and numerically between 10 and 35 atm to
investigate the effect of pressure on soot formation
and oxidation. Radially resolved measurements
for both soot volume fraction and temperature
were obtained and compared with the numerical
predictions to assess the accuracy of simplified
soot models applied to high pressure diffusion
flames. With the help of the numerical results,
some of the observed phenomena are discussed.
2. Experimental methodology

The experimental apparatus consists of a
coflow burner installed inside a pressure vessel
that allows the burner operating pressure to be
varied as desired. This apparatus is described in
detail elsewhere [4,6,5]. The burner consists of a
stainless steel central fuel tube with 3 mm inner
diameter and a concentric tube of 25.4 mm inner
diameter that supplies the coflow air. The outer
surface of the fuel tube is chamfered to form a
knife-edge at the nozzle exit plane. While this
was necessary to improve flame stability over a
wide range of pressures, uncertainties in the fuel’s
outlet velocity profile are introduced as a result. A
chimney was also installed to improve flame sta-
bility by shielding the core flow from disturbances
created inside the chamber.

Line-of-sight measurements using the spectral
soot emission diagnostic (SSE) technique were
used to construct radial profiles for temperature
and soot volume fraction at different axial heights
along the burner axes. The theory and configura-
tion of the present SSE system is well documented
[15,4,6,5].

Ethylene was diluted with nitrogen to inhibit
smoke formation and allow reliable measurements
up to pressures of 35 atm. Above this pressure, the
flames became unstable and meaningful measure-
ments were no longer possible. The lowest pres-
sure investigated was limited to 10 atm since the
SSE technique requires strong radiation from soot
to work properly. Ethylene and nitrogen were
supplied through the fuel tube at 0.27 and
1.35 mg/s, respectively, while coflow air was sup-
plied at 0.4 g/s. This ethylene flow rate corre-
sponds to an equivalent carbon flow rate of
0.231 mg/s. These mass flow rates were main-
tained throughout the study while measurements
were obtained at 10, 20, 30, and 35 atm in height
increments of 0.5 mm and radial increments of
50 lm.
3. Numerical model

A numerical framework previously developed
by Charest et al. [16,17] for the solution of lami-
nar reacting flows with complex chemistry, non-
gray radiative heat transfer, and soot was applied
to study the flames described in the previous
section. This framework solves the conservation
equations for continuous, multi-component com-
pressible gas mixtures [18]. Soot is modelled using
the approach proposed by Leung et al. [19] which
requires only two additional transport equations
for soot mass and number. These authors
described the evolution of soot through four basic
steps—nucleation, surface growth, coagulation,
and oxidation—and assumed that acetylene is
the only precursor responsible for the presence
of soot. Surface growth was assumed proportional
to the square root of soot particle surface area per
unit volume of aerosol. Based on the work of Liu
et al. [20,13], this soot model was updated to
include oxidation by OH and O since the original
model only accounted for O2 oxidation. All rate
constants related to soot were taken from [13].

Multi-species diffusion is modelled here using
the first-order Hirschfelder and Curtiss approxi-
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mation [21] while soot is assumed to diffuse only
by thermophoresis using a model based on the
limit of free-molecular flow [22]. A small diffusion
coefficient for soot due to particle concentration
gradients was included to aid numerical stability
even though it is generally negligible. This numer-
ical instability was also observed by Kennedy
et al. [23].

Radiation emitted and absorbed by the gas
and soot is modelled using the discrete ordinates
method (DOM) coupled with the point-implicit
finite volume approach of Carlson and Lathrop
[24]. Spatial derivatives are evaluated using cen-
tered differences while ordinate directions and
weights were selected based on the T3 quadrature
set [25]. Spectral absorption coefficients are
approximated by the statistical narrow-band cor-
related-k (SNBCK) model developed by Liu
et al. [26]. Four Gauss quadrature points were
found to provide a reasonable balance between
accuracy and computational expense [27,28]. In
this work, the narrow-band data of Soufiani and
Taine [29] for H2O; CO2, and CO are used to con-
struct the cumulative distribution function. To
reduce the number of unknowns required for
non-gray radiation in mixtures, the three radiating
gases are approximated by a single gas with effec-
tive narrow-band parameters based on the opti-
cally thin limit [30]. Additional computational
savings are achieved by combining bands to form
several wide bands using the lumping procedure
described by Liu et al. [26]. Based on the recom-
mendations of Goutière et al. [31], a total of nine
non-uniformly spaced wide bands are employed.
The soot absorption coefficient is determined in
the Rayleigh limit for small spherical particles
[20].

The governing equations are solved numeri-
cally using a finite-volume scheme previously
developed by Groth and co-workers [32,33]. The
scheme makes use of piecewise limited linear
reconstruction and an approximate Riemann sol-
ver to determine the inviscid fluxes [34]. The vis-
cous fluxes were evaluated using the second-
order diamond-path method developed by Coirier
and Powell [35]. Both the inviscid flux and the
temporal derivative are preconditioned using the
proposed matrix of Weiss and Smith [36]. This
preconditioning helps reduce excessive dissipation
and numerical stiffness commonly encountered
when applying the compressible gas equations to
low-Mach-number flows. The solution of the
fully-coupled non-linear ODEs is relaxed to a
steady-state using the block-based parallel implicit
algorithm developed by Northrup and Groth [32]
which makes use of a matrix-free inexact Newton–
Krylov method. Solution of the DOM equations
is decoupled from the gas-particle flow equations
and solved sequentially at each time step.

Thermodynamic and transport properties
along with gas-phase kinetic rates are evaluated
using CANTERA [37], an open-source software
package for chemically-reacting flows. The simu-
lations were performed using the skeletal mecha-
nism of Law [38] for ethylene–air combustion
which consisted of 33 species and 205 elementary
reactions.
4. Discretization and boundary conditions

The modelled domain is shown schematically
in Fig. 1 along with the employed boundary con-
ditions. The domain extends radially outwards 10
and 15 mm downstream. The far-field boundary
was treated using a free-slip condition which
neglects any shear imparted to the coflow air by
the chimney walls. The modelled domain is also
extended 4.5 mm upstream into the fuel and air
tubes to account for the effects of fuel preheating
observed by Guo et al. [14] and better represent
the inflow velocity distribution. At the outlet, tem-
perature, velocity, species mass fractions, and soot
number density are extrapolated while pressure is
held fixed. The gas/soot mixture is specified at the
inlet along with velocity and temperature while
pressure is extrapolated. Uniform velocity and
temperature profiles were specified for both the
fuel and air inlet boundaries. For the radiation
solver, all boundaries except for the axis of sym-
metry are assumed to be cold and black.

A simplified representation of the fuel tube
geometry was employed to reduce the numerical
complexity of this particular problem. As shown
in Fig. 1, the knife-edge of the fuel tube was
approximated by a tube with 0.4 mm thick walls.
The three surfaces that lie along the tube wall were
modelled as adiabatic walls with zero-slip condi-
tions. Fixed-temperature wall boundary condi-
tions were also tested, however, adiabatic wall
conditions provided the best agreement between
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numerical predictions and experimental
measurements.

The computational domain illustrated in Fig. 1
was subdivided into 192 cells in the radial- and
320 in the axial-direction to form a structured,
non-uniformly-spaced computational mesh of
60,000 total cells. These cells were clustered
towards the burner exit plane to capture interac-
tions near the fuel tube walls and towards the cen-
terline to capture the core flow of the flame. A
fixed mesh spacing of approximately 18 lm was
specified in the radial-direction between r ¼ 0
and 2.4 mm. The vertical spacing approaches
5.7 lm near the fuel tube exit plane. Increasing
the mesh resolution further did not offer any
improvements in accuracy or alter the numerical
solution.
5. Experimental and numerical results

Images of the flames over the range of pres-
sures studied are provided in Fig. 2. The shape
of the flame and its appearance changes signifi-
cantly with pressure. Increasing pressure causes
the flame diameter to narrow and the luminosity
to intensify while the height remains constant at
5.5 mm. At 10 atm, a blue region exists in the
lower portion of the flame which suggests the
presence of a small premixed zone. As pressure
is increased to 20 atm, this blue region diminishes
and the yellow luminous region in the upper por-
tion of the flame moves towards burner tip. The
blue zone nearly vanishes with further increase
in pressure and the flame appears attached to
the burner rim, suggesting that soot is formed at
the burner exit. Similar observations were made
for methane–air flames [4,5].

5.1. Comparison with experiment

Measured radial profiles of soot volume frac-
tion are compared with the calculations in
Fig. 3. The model predicts many of the experimen-
tally observed trends but generally over-predicts
the soot volume fraction throughout the flames.
In both the experiments and calculations, soot is
formed in an annulus downstream of the fuel tube
rim and the magnitude of the soot volume fraction
initially increases with height. The locations of the
10 atm 20 atm 30 atm 35 atm

Fig. 2. Flame images at pressures from 10 to 35 atm.
peaks within this annulus converge towards the
centerline as the inner accelerating core flow
entrains the soot particles inwards. Oxidative pro-
cesses begin to convert soot to gaseous CO higher
up in the flame and the annular region with high
soot levels collapse on the flame axis. As pressure
is increased, the location of the peaks in the radial
profiles for soot volume fraction contract radially-
inwards and the peaks become more pronounced.
Soot production also increases with pressure since
the higher pressures and contracting flame result
in higher gaseous species concentrations and
faster reaction rates. While these features are
observed in the numerical results, the magnitudes
of the predicted soot volume fraction is greatly
over-predicted in most cases, especially in the
annular region with high soot levels. For example,
at a height of 3 mm, soot is over-predicted by fac-
tors of 7.0, 2.1, 1.9, and 1.9 in the 10, 20, 30, and
35 atm flames, respectively. At this height, the
quantitative agreement improves with pressure.
Higher in the flame at z ¼ 5 mm, soot is under-
predicted for all flames except the 35 atm flame.
Despite the disagreement between the magnitudes
of the predicted and measured soot concentra-
tions, the model correctly captures the positions
of the annuli. The poorest agreement occurs in
the 10 atm flame where the numerical peak at
4 mm is shifted outwards.

A comparison between the predicted and mea-
sured radial temperature profiles is presented in
Fig. 3. The same trends with pressure and flame
height are observed experimentally and numeri-
cally. First, temperature shows an annular struc-
ture similar to the radial profiles for soot volume
fraction except that the radial location where tem-
perature peaks occurs at a slightly larger radius.
With increasing height in the flame, both sets of
results show an increase in the peak temperature
which gradually shifts in position towards the cen-
terline. The experiments also show that increasing
pressure results in lower measured peak tempera-
tures at each height. While the predictions show
this same trend, the decrease with pressure is not
as severe. The best agreement between the pre-
dicted and experimental values for the maximum
temperature reached at each height occurs in the
10 atm flame. For all the flames, the largest dis-
crepancies occur at a height of 1 mm. At this
height the peaks are over-predicted by 60, 105,
and 110 K at 20, 30, and 35 atm, respectively. This
over-prediction of temperature low in the flame is
attributed to higher predicted wall temperatures
which result from the adiabatic boundary condi-
tions. The shifted temperature profiles are most
likely caused by the simplified geometry.

To assess the fuel’s propensity to soot and its
sensitivity to pressure, the variation in the carbon
conversion factor with pressure was studied. This
factor is defined as gs ¼ _ms= _mc where _mc is the
carbon mass flow rate at the nozzle exit [1,4].
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The mass flux of soot through a horizontal
cross-section is _ms ¼ 2pqs

R
fvvzr dr where qs ¼

1:9 g=cm3 is the density of soot, fv is the soot vol-
ume fraction, and vz is the axial velocity. Since the
velocity is not known in the experiments, it is esti-
mated by vz ¼

ffiffiffiffiffiffiffi
2az
p

where z is the height above
the burner and a is an acceleration constant
commonly assumed equal to 25 m=s [39]. As an
alternative, vz is estimated using the computed
velocity.

As observed in Fig. 4, there is a significant dif-
ference between the two lines corresponding to the
experimental results for gs based on the different
velocity approximations. The values computed
using the predicted velocity field are assumed to
be more accurate.

The predictions for gs, Fig. 4, mimic the exper-
imentally observed trends although the model
consistently over-predicts the maximum gs in each
flame. The peak gs is over-predicted by factors of
1.8, 1.3, 1.2, and 1.4, at 10, 20, 30, and 35 atm,
respectively, when compared with the experi-
mental results computed using the predicted
velocity field. Both the experimentally-based and
predicted maximum gs display a power-law depen-
dence on pressure, gs / pn, which weakens as pres-
sure is increased from 10 to 35 atm. A more



Fig. 5. Predicted (left) and measured (right) contours for soot volume fraction.

Fig. 6. Predicted contours for temperature.

Fig. 7. Predicted contours for C2
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drastic reduction in the pressure exponent, n, is
observed in the experiments.
H2 (lef
Two-dimensional contour plots of soot volume
fraction were constructed from the measurements
and are compared with the numerical results in
Fig. 5. Qualitatively, the predicted and measured
flame geometries are similar and the narrowing
of the flame with increasing pressure is clearly
observed in both sets of results. The flame height
based on soot volume fraction is also accurately
predicted by the model. In the experiments, it
is approximately 5 mm and remains constant
throughout the entire range of pressures investi-
gated. Similar observations are made for the
numerical predictions. However, the model incor-
rectly predicts the location of the peak soot vol-
ume fraction and, in general, some significant
differences between predicted and measured soot
concentrations can be observed at lower flame
heights. Soot is predicted to occur in an annular
region low in the flame, whereas experimental
observations show that the peak occurs along
the centerline near the flame tip. Additionally,
the model always predicts that soot production
t) and C2H4 (right) mass fraction.
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begins further upstream than in the experiments.
With increasing pressure, both experiments and
predictions show that the initial onset of soot for-
mation begins earlier and that the annular struc-
ture becomes thinner and more pronounced. At
20 atm, the model predicts a small amount of soot
inside the fuel tube and adjacent to the tube walls.
This production of soot inside the tube intensifies
as pressure is further increased to 35 atm.

The over-prediction of soot and temperature
low in the flame near the burner suggests that
the adiabatic wall boundary conditions predict
wall temperatures that are too high. Higher
temperatures near the wall would increase the rate
of fuel pyrolysis and cause the early predicted
appearance of soot in Fig. 5. However, it is
unclear whether the early formation of soot inside
the tube is solely an artifact of over-predicted wall
temperatures. This early predicted formation of
soot may also be related to inadequacies of the
soot model.

5.2. Effects of pressure

Predicted contours of temperature for each
flame are presented in Fig. 6. As pressure is
increased from 10 to 35 atm, the flame contracts
inward and the main attachment point shifts
towards the centerline. At 10 atm, the flame is rel-
atively unstrained and attached to the top of the
fuel tube wall. This attachment point moves
towards the inner edge of the fuel tube as pres-
sures are increased to 35 atm. At 35 atm, the base
of the flame is highly strained and significant fuel
preheating is observed inside the tube near the
walls. There is also a significant increase in the
temperature near the centerline just upstream of
the fuel tube. Figure 7 presents the predicted
contours for C2H4 and C2H2 mass fraction in
the vicinity of the burner rim. At 10 atm, C2H4

is partially consumed near the tube walls prior
to exiting the fuel nozzle and the concentrations
along the centerline remain high for the first
0.5 mm. The rate of C2H4 consumption increases
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Fig. 8. Streamlines near the fuel tube wall at 35 atm.
significantly as pressure is increased. At 35 atm,
most of the fuel is broken down inside the fuel
tube and C2H4 concentrations along the inner
tube walls are completely depleted before leaving
the mouth of the burner. Ethylene concentrations
along the centerline in the 35 atm flame are
depleted by 18% by z ¼ 0.

As shown in Fig. 7, the concentration of C2H2

inside the fuel tube increases as pressure is
increased and C2H4 breakdown accelerates. Ini-
tially, only a small amount of C2H2 is present
inside the fuel tube at 10 atm. However, concen-
trations of C2H2 near the wall and inside the tube
increase significantly with pressure. At 35 atm,
C2H2 produced near the walls is completely con-
sumed upstream of the fuel tube exit plane. This
results in the predicted appearance of soot inside
the fuel tube in Fig. 5. The peak concentrations
of C2H2 are observed to occur along the centerline
higher up in the flame. These peak concentrations
decrease significantly as pressure is increased. As
already discussed by Liu et al. [13], this is a result
of increased soot production rates with increasing
pressure. This observed decrease in C2H2 concen-
tration was also hypothesized to be the cause of
decreased sooting propensity with increasing pres-
sure [13]. As pressure is increased and more C2H2

is converted to soot, less gaseous carbon mass is
available for further soot production.

The flow streamlines are also depicted in
Fig. 7. Increasing pressure from 10 to 35 atm is
observed to drastically alter the streamlines, caus-
ing the flow to contract inwards towards the cen-
terline. At 35 atm, the streamlines near the fuel
tube are almost parallel to the top surface. A small
region just downstream of the fuel tube in the
10 atm flame exists along the centerline where
the streamlines diverge. This region becomes lar-
ger and moves inside the fuel tube as pressure is
increased and is a direct result of the sudden
expansion at the burner exit.

A closeup of the streamlines near the burner
exit is provided in Fig. 8 for the 35 atm flame.
The coflow streamlines makes a 90� turn towards
the fuel stream just prior to exiting the burner.
The oxidizer stream eventually flows into the fuel
tube which would explain the early oxidation of
fuel inside the tube observed at high pressures.
This slight inward dip was not observed in the
lower pressure flames.
6. Conclusions

Although large discrepancies were observed
between predictions and measurements for soot
volume fraction, the soot model employed in this
study predicted the overall features and displayed
the correct trends with pressure. In the experi-
ments, the flame height was independent of pres-
sure and the flame diameter decreased with
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increasing pressure. Both of these phenomena
were correctly predicted by the numerical model.
Soot volume fractions were generally over-pre-
dicted everywhere in the flame, but the soot model
still captured the general trend of increasing car-
bon conversion factor with pressure. The soot
model predicted the appearance of soot much ear-
lier in the flame than observed in the experiments
and that soot is formed inside the fuel tube above
20 atm. It has been shown that this soot formation
is related to accelerated fuel pyrolysis triggered by
enhanced air entrainment and increasing tempera-
tures inside the tube as pressure was increased. As
a result, C2H2 levels inside the tube intensified
with pressure and the C2H2-based soot model
has incorrectly translated this to an increase in
soot production.

The results of this study also illustrated the
strong effect of the burner wall on flame structure
and its increasing impact with pressure. When
studying high pressure laminar flames, inlet
boundary placement must be far enough upstream
to capture the fuel preheat effect and minimize its
impact on the solution.

Future work will include more detailed gas-
phase kinetic mechanisms that describe the forma-
tion of large molecular weight soot precursors and
more realistic models for soot [40,7]. The detailed
features of the burner geometry and a conjugate
heat transfer analysis of the tube wall will also
be included in future efforts.
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