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1. Introduction

ABSTRACT

The effects of pressure and gravity on the sooting characteristics and flame structure of coflow methane-air
laminar diffusion flames between 1 and 60 atm were studied numerically. Computations were performed
by solving the unmodified and fully-coupled equations governing reactive, compressible flows which
include complex chemistry, detailed radiation heat transfer and soot formation/oxidation. Soot forma-
tion/oxidation was modeled using an acetylene-based, semi-empirical model which was verified with pre-
viously published experimental data to correctly capture many of the observed trends at normal-gravity.
Calculations for each pressure considered were performed under both normal- and zero-gravity conditions
to help separate and identify the effects of pressure and buoyancy on soot formation. Based on the numer-
ical predictions, pressure and gravity were observed to significantly influence the sooting behavior and
structure of the flames through their effects on buoyancy and temperature. Zero-gravity flames generally
have lower temperatures, broader soot-containing zones, and higher soot volume fractions than normal-
gravity flames at the same pressure. Buoyancy forces caused the normal-gravity flames to narrow with
increasing pressure while the increased soot concentrations and radiation at high pressures caused the
zero-gravity flames to lengthen. Low-pressure flames at both gravity levels exhibited a similar power-
law dependence of the maximum carbon conversion on pressure that weakened as pressure was increased.
In the zero-gravity flames, increasing pressure beyond 20 atm caused the maximum carbon conversion fac-
tor to decrease.

© 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

turbulent flames through various modeling approaches such as
the laminar flamelet concept [12].

Fully understanding the behavior of diffusion flames is critical
to the development of high-efficiency, pollutant-free combustion
devices and fire-suppression systems for space applications. Two
key areas of interest which are not well-characterized due to their
complex nature are the physics and chemistry related to soot for-
mation. Soot is a harmful pollutant that negatively affects the per-
formance of practical combustion devices, which typically operate
at elevated pressures, and greatly influences the spread of flames
in space. However, our current understanding of the effects of
pressure and gravity on soot formation/oxidation is limited since
previous experimental and numerical studies generally focused
on normal-gravity atmospheric flames [1-11]. This study aims to
characterize these effects through the numerical analysis of
laminar diffusion flames at pressures ranging from 1 to 60 atm
and various levels of gravity. Even though most practical flames
are turbulent, these results for laminar flames can be applied to
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Both pressure and gravity profoundly influence the structure
and sooting characteristics of laminar diffusion flames [13,14]. This
influence occurs through the effects of pressure and gravity on
buoyant forces which rapidly accelerate the expanding hot gases.
Since the effective gravitational acceleration scales with pres-
sure-squared, increasing pressure drastically alters the shapes of
normal-gravity flames. For example, increasing pressure in laminar
diffusion flames causes flow streamlines to contract towards the
centerline and the flame diameter to decrease [15-18]. Miller
and Maahs [15] suggested that this change in flame diameter with
pressure is likely due to changes in chemistry. Experimental mea-
surements [17-20] and numerical predictions [21] for soot volume
fraction indicate that the flame diameter is proportional to p~'/2,
These findings imply that residence time is independent of pres-
sure for constant fuel mass flow rates since the cross-sectional area
of the flame varies inversely with pressure. This was confirmed
numerically by Liu et al. [21] who showed that the axial velocity
along the flame centerline was roughly independent of pressure.
If residence time does not change with pressure, flame height
should also remain constant. Roper’s correlations for buoyancy-
dominated laminar jet diffusion flames [22,23] state that the
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visible flame height, to a first-order approximation, is independent
of pressure and depends on mass flow rate only. However, Miller
and Maahs [15], Flower and Bowman [16], McCrain and Roberts
[17], and Thomson et al. [18] have all observed pressure-
dependent flame heights in experiments involving high-pressure
laminar diffusion flames. These experiments showed that the
visible flame height generally increased with pressure at low
pressures, remained constant over a range of pressures, and then
decreased with further increase in pressure. Recently, Bento et al.
[19] and Joo and Giilder [20] observed pressure-independent
visible flame heights over a wide range of pressures. Constant
flame heights were also predicted numerically by Liu et al. [21]
and Charest et al. [24].

As pressure is increased in normal-gravity flames, measured
soot volume fractions increase since the flame narrows and soot
must flow through a smaller cross-section. This narrowing of the
flame causes local temperatures near the centerline to increase
and fuel pyrolysis rates in the central core to intensify. Enhanced
air entrainment into the flame near the burner is also expected to
increase pyrolysis rates [21]. Miller and Maahs [15] estimated total
soot concentrations in high-pressure axisymmetric methane-air
diffusion flames between 1 and 50 atm from measurements of the
flame emissive power. The data indicates that soot yield is propor-
tional to p", where n is approximately 1.7 + 0.7 up to 10 atm. Above
10 atm, the dependence of soot yield on pressure decreased signif-
icantly. Flower and Bowman [16] studied laminar diffusion flames
of ethylene at pressures between 1 and 10 atm by measuring
line-of-sight integrated soot volume fractions and temperatures
along the flame centerline. They reported maximum diameter-
integrated soot volume fractions proportional to p!2. Measure-
ments made by Lee and Na [25] in laminar ethylene diffusion flames
from 1 to 4 atm indicated a p'2® dependence of the maximum
diameter-integrated soot volume fraction on pressure. McCrain
and Roberts [17] obtained similar pressure exponents in methane
flames from 1 to 25 atm and ethylene flames from 1 to 16 atm based
on path-integrated and local soot volume fraction measurements.
Radially-resolved soot concentration and temperature measure-
ments were reported by Thomson et al. [18] for methane diffusion
flames from 5 to 40 atm. These measurements were later extended
to 60 atm by Joo and Giilder [20]. Both concluded that the maximum
amount of fuel carbon converted to soot, which is most suitable for
assessing the sensitivity of soot formation to pressure [16], varied
proportional to p between 5 and 20 atm. Between 30 and 60 atm,
Joo and Giilder measured a pressure exponent equal to 0.33. Similar
soot and temperature measurements were made by Bento et al. [19]
for propane flames from 1 to 7.2 atm.

Non-buoyant flames are both longer and wider than their buoy-
ant counterparts [26-28]. Non-buoyant flames are wider because
there is no upward acceleration to induce an inward radial motion
that would cause the flame to contract. However, the reason for the
lengthening of flames when buoyancy is eliminated is not clear.
Investigators have cited causes such as the increased importance
of axial diffusion [29,30], the lack of radial convection [31], reduced
mass diffusivities associated with lower flame temperatures [28],
and reduced flame temperatures in general [32]. Roper’s model
for circular port burners, which includes radial convection and
neglects axial diffusion, states that flame length should be inde-
pendent of gravity [22].

Soot particles are too large to be transported like gas molecules
(i.e., via molecular diffusion) and are instead convected by the gas
flow. Therefore, the path and residence time of soot particles in
laminar diffusion flames are strongly affected by buoyancy since
buoyant forces drastically alter the flow field [33]. For example,
the dividing streamline, which originates from the edge of the
burner, diverges radially-outward in non-buoyant jet diffusion
flames and converges towards the centerline in buoyant ones

[34]. Residence times for particles in non-buoyant flames are much
longer than for particles in buoyant flames since local gas flow
velocities are lower. These effects of buoyancy on the gas flow field
and particle path cause non-buoyant diffusion flames to exhibit
broader soot-containing regions and larger soot oxidation regions
[27]. Higher soot concentrations and bigger particles are also ob-
served in non-buoyant flames as a result [35-37].

Although there are many experimental studies on the sooting
characteristics of non-buoyant diffusion flames, none specifically
address the combined effects of pressure and gravity on flame
structure. Smoke-point measurements reported by Sunderland
et al. [33] and Urban et al. [38] for flames between 0.3 and 2 atm
with various gaseous hydrocarbon fuels indicated that the laminar
smoke-point flame lengths of non-buoyant flames were much
shorter than equivalent buoyant flames. Ku et al. [36] measured
soot particle sizes in laminar diffusion flames of propane and ethyl-
ene under normal- and micro-gravity conditions. They found that
primary particle sizes were larger in non-buoyant flames due to
the longer residence times. Soot volume fractions were measured
and soot particles sampled in weakly-buoyant gaseous laminar
diffusion flames at sub-atmospheric pressures by Sunderland
et al. [39-41]. These authors exploited the fact that the buoyancy-
induced acceleration scales with p?g, where g is the gravitational
acceleration. However, Panek and Giilder [42] recently found that
low-pressure experiments are not representative of true, zero-
gravity conditions as flames are not completely isolated from the
effects of gravity and reactions rates are slow. Measured soot
volume fractions follow trends similar to those observed in
high-pressure flames instead. Others have obtained quantitative
two-dimensional measurements for soot volume fraction in either
reduced-gravity [35,37,43-45] or zero-gravity [34,46,47] environ-
ments. Generally, measured peak soot concentrations in micro-
gravity flames are approximately a factor of two larger than those
measured in normal-gravity flames. None of these studies consid-
ered pressures beyond one atmosphere.

Numerical modeling is an attractive tool to study the effect of
pressure and gravity on soot formation in gaseous laminar diffu-
sion flames. Measurements in high-pressure laminar diffusion
flames are complicated by small flame diameters and limited
optical access [21] while it is difficult and costly to conduct zero-
gravity experiments [13]. However, there are only a few numerical
studies of the effects of gravity [27,48-51] and pressure [21,52] on
soot formation in gaseous laminar diffusion flames. Furthermore,
none of these studies have looked at the effects of pressure in
the absence of gravity.

Various approaches for modeling soot in laminar coflow diffu-
sion flames have been successfully applied [53]. Soot models
consist of two main components: a mathematical representation
of the aerosol dynamics and a kinetic mechanism to describe
gas-particle conversion. To model aerosol dynamics, researchers
have either assumed a mono-disperse particle size distribution
(PSD) [21,54-56], called the two-equation model, or applied more
advanced moment [57-60] or sectional [7,61-63] representations.
Sectional models are generally regarded as the most accurate,
although they are computationally demanding, while moment
models seem to provide the best balance between cost and
accuracy [64]. The two-equation model is the simplest, making it
suitable for large parametric studies.

Soot models applied in early studies of laminar diffusion flames
typically employed semi-empirical chemistry sub-models which
based the formation and growth of soot on one or two gaseous pre-
cursor species, such as acetylene [54,55] or benzene [65]. These
models use simple global reaction mechanisms to describe the
rates of the key processes such as nucleation, growth, and
oxidation. Detailed sub-models incorporate more physical features
like combination reactions between large polycyclic aromatic
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hydrocarbons (PAH) and surface growth through the hydrogen-
abstraction-acetylene-addition (HACA) mechanism [7,58,66].
These types of mechanisms require considerably more computa-
tional effort since detailed gas-phase chemical kinetics are
required to describe the formation of large carbon ring structures.
It is not completely clear whether the added computational
expense is warranted, although some numerical studies have
shown that certain phenomena—soot suppression via hydrogen
addition, for example—are not accounted for in simple acetylene-
based soot models [56]. Mehta et al. [11] concluded that computed
soot volume fractions were rather insensitive to choice of nucle-
ation model (acetylene- or PAH-based).

The goal of the present work is to numerically study the effects
of buoyancy and pressure on the structure of laminar diffusion
flames. As a starting point, the high-pressure methane-air flames
studied by Joo and Giilder [20] are modeled and the predictive
accuracy of the numerical model assessed. The numerical results
were also used to explain some of the experimental observations.
A second set of calculations were performed neglecting gravity in
an attempt to separate the effects of buoyancy and pressure on
soot formation. This paper first presents a brief overview of the
numerical model and the coflow burner configuration. Following
this overview, the current results are discussed and the conclu-
sions presented.

2. Numerical model

The present study makes use of a previously developed frame-
work for modeling laminar reactive flows with complex chemistry,
non-gray radiative heat transfer and soot [67]. This framework
mathematically describes the gaseous combusting flow using the
conservation equations for continuous, multi-component com-
pressible gas mixtures [68]. The equations consist of the conserva-
tion of total mass, individual species mass, mixture momentum,
and mixture energy. Soot formation and destruction is modeled
using an approach similar to those developed by Leung et al. [54]
and Fairweather et al. [55]. In this approach, the soot particle size
distribution is approximated by an average size that varies via sur-
face reactions and coagulation. The representation requires only
two additional transport equations for soot mass and number,
which are given by

O (PY) + V- [pYs(v 4 V) = Sy (1)

where t is the time, p is the mixture density, v is the mixture veloc-
ity vector, Y; is the mass fraction of soot, N is the soot number den-
sity (number of particles per unit mass of mixture), Vy is the
diffusion velocity related to soot mass, Vy is the diffusion velocity
related to soot number, Sy is the time rate of change of the soot
mass, and Sy is the time rate of change of the soot number. The time
rate of change of gaseous species includes contributions from both
gas-phase chemistry and soot surface reactions. The density of the
mixture was calculated using the following state equation:

B p
P= RuT<z§f:1Yk/Mk) )

where p is the mixture pressure, Y, is the mass fraction of the kth
gaseous species, N is the number of gaseous species in the mixture,
Ry is the universal gas constant, T is the temperature, and My is the
species molar mass.

Multi-species diffusion was modeled here using the first-order
Hirschfelder and Curtiss approximation [69] while soot was as-
sumed to diffuse primarily by thermophoresis using an empirical

model valid for all Knudsen numbers [70]. In addition to contribu-
tions from thermophoresis, a small Fickian diffusive flux was in-
cluded in the soot particle transport equations. This was required
to enhance numerical stability even though the transport of soot
via Brownian motion is generally negligible. A similar procedure
was taken by Kennedy et al. [71]. The resulting diffusion velocities
for soot are

vy — -2y, v (4)
Ys
D

Vy = — = VN + Vr (5)
N;

where D,=10"8m?/s is the soot diffusion coefficient. Similarly,
Kennedy et al. [71] specified a value for D, equal to 1% of the gas dif-
fusivity. The thermophoretic velocity, V, for the soot particles is
[70]

U
Vr=-CG-—=VT 6
r=-CorV (©)
where p is the mixture dynamic viscosity and C; is a numerical
factor of order unity computed using an interpolation formula. In
the free-molecular regime, C, = 0.55 [72].

2.1. Soot chemistry model

Soot formation and destruction was modeled using the simpli-
fied soot kinetics described by Liu et al. [21,73]. This model is based
on the reduced soot mechanisms of Leung et al. [54] and
Fairweather et al. [55] which describe the evolution of soot
through four basic steps—nucleation, surface growth, coagulation,
and oxidation. Acetylene is assumed to be the only precursor
responsible for the presence of soot. The resulting mechanism is

GH, — 2C(s) + H, (R1)
GH; +n-C(s) — (n+2)-C(s) + Hy (R2)
C(s) + %oz — CO (R3)
C(s)+OH — CO+H (R4)
C(s)+0 — CO (R5)
n-C(s) — Cu(s) (R6)

It follows from the mechanism above that the source term in (1) can
be written as

Sy = 2My(R; + Ry) — (Rs + Ry + Rs)A (7)

where M is the molar mass of soot (assumed equal to the molar
mass of carbon, 12 kmol/kg) and As is the surface area of soot per
unit volume of aerosol. The terms R3, R4, and Rs are the soot oxida-
tion rates for reactions involving O,, OH, and O, respectively. The
terms R; and R; are the soot nucleation and surface growth rates de-
fined by

Ry = k4 [C2H;) (8)
Ry = kof (As)[CoHo] 9)

The function f{As) incorporates the dependence of soot surface
growth on the soot surface area per unit volume, As. Proposed forms
of f(As) include: f(As) = A2® [54] and flA,) = A [55]. Here we have
used the first relationship to account for particle aging and surface
site deactivation [21,74,75]. The corresponding rate constants, k;
and k,, are given by [73]

k; = 1000 exp(—16103/T) (10)
ky = 1750 exp(—10064,T) (11)
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Surface area is related to the soot mass and number density by

6 1Y,

A= n(ﬁp—sﬁs)ya(pws) (12)

where p; is the density of soot, taken to be 1900 kg/m>. The oxida-
tion reaction rates per unit surface area are modeled by [21]

B kapo, % )
Ry = ]20{m+kbpoz(l - %) (13)
R4 = (pOHk4T7]/2p0H (14)
Rs — (poksrl/zpo (15)
where
] -1
4
=<1+ 16
x { kbpoz} e

The symbols p,,, poy and po denote the partial pressures of O,, OH
and O in atm , respectively. The collision efficiencies for OH, oy,
and O, ¢o, were both assumed equal to 0.2. The rate of soot oxida-
tion by O, was based on the Nagle-Strickland-Constable model [76]
with the rate constants kg, kp, k,, kg, and k4 taken from Moss et al.
[77]. The rate constant ks was equal to the value used by Bradley
et al. [78].

The source term in (2) represents the production and destruc-
tion of the soot particle number density with nucleation and
agglomeration. It is modeled herein as follows:

Sy =

2 NaR; — 2Ca<

6M;\ /¢ /6ksT
Cmin

1/6 11/6
) ()i on, a7)
where N, is Avogadro’s number 6.022 x 10%¢ kmol ', kg is the Boltz-
mann constant 1.38 x 10722 m? kg s 72 K1, Cinin = 700 is the number
of carbon atoms in the incipient carbon particle, C, is the agglomera-
tion rate constant, and [C(s)] = pYs/M; is the molar concentration of
soot. Based on the recommendations of Liu et al. [21] and Ezekoye
and Zhang [48], coalescence was neglected by setting C, to zero. This
means that particles stick together when they collide and that the
total particle surface area is not changed by the collision.

Several issues related to numerical stability and convergence
were encountered using the previously described soot model. First,
both Sy and Sy are functions of Y; and N; raised to sub-unity
powers. For example,

Sy o YIANY® and Sy o YV/8 (18)

As a result, derivatives of Sy and Sy with respect to Ys or Ny become
infinite as Ys — 0 or Ns — 0. Additionally, oscillations in Y or N
caused by round-off and numerical diffusion errors can produce
large fluctuations in the source terms when Y; and Ns are small.
Both of these issues caused the Newton-Krylov time-marching
algorithm applied herein to stall. To overcome this stall, A; was
modified by applying a blending function to eliminate any on/off
switching experienced by Sy and smooth its derivative with respect
to Ys and Ns. The modified surface area is given by

A = B(Ys)B(Ns)As (19)

where the blending function, g(x), is defined as
% 2
B(x) =1.0 — exp {—5 (10_’6> } (20)

The modification was applied by replacing As with A; in (7) and (9).

2.2. Radiation model

Radiation emitted and absorbed by both the gas and soot is
modeled using the discrete ordinates method (DOM) coupled with
the point-implicit finite volume approach of Carlson and Lathrop
[79]. Spatial derivatives are evaluated using centered differences
while ordinate directions and weights were selected based on
the T3 quadrature set [80]. Spectral absorption coefficients are
approximated using a wide-band model which is based on the sta-
tistical narrow-band correlated-k (SNBCK) model [81]. Four Gauss
quadrature points were found to provide a reasonable balance be-
tween accuracy and computational expense when integrating the
DOM equations over each band [82,83]. In this work, the narrow-
band data of Soufiani and Taine [84] for H,0, CO, and CO are used
to construct 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
effective narrow-band parameters based on the optically thin limit
[85]. Additional computational savings are achieved by combining
bands to form several wide bands using the lumping procedure
described by Liu et al. [81]. Based on the recommendations of
Goutiere et al. [86], a total of nine non-uniformly spaced wide
bands are employed. The spectral absorption coefficient for soot
is determined based on the Rayleigh limit for small spherical
particles [73].

2.3. Solution procedure

The equations governing the gas-particle mixture described
previously are solved numerically using a finite-volume scheme
previously developed by Groth and co-workers [67,87,88]. The
scheme makes use of piecewise limited linear reconstruction and
an approximate Riemann solver to determine the inviscid fluxes
[89]. The second-order diamond-path method developed by Coirier
and Powell [90] was used to compute the viscous fluxes. Both the
inviscid flux and the temporal derivative are preconditioned using
the proposed matrix of Weiss and Smith [91]. This preconditioning
helps reduce excessive dissipation and numerical stiffness com-
monly encountered when applying the compressible gas equations
to low-Mach-number flows. The solution of the fully-coupled non-
linear ODEs are relaxed to a steady-state using the block-based
parallel implicit algorithm developed by Northrup and Groth [87]
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 [92], an open-source
software package for chemically-reacting flows. The simulations
were performed using a modified version of the Gri-Mech 3.0
mechanism for CH4; combustion [93]. Nitrogen was assumed to
be inert and all reactions and species related to NO, formation
were removed from the mechanism, giving a final reduced mecha-
nism with 36 species and 219 reactions.

3. Coflow burner configuration and problem formulation

The burner configuration and operating conditions are de-
scribed in detail by Thomson et al. [18] and Joo and Giilder
[20]. The burner consists of a central fuel tube with a 3 mm exit
diameter and a concentric coflow-air tube with a 25.4 mm inner
diameter. It was installed inside a pressure vessel which allowed
the flame operating pressure to be varied as desired. Both the in-
ner and outer surfaces of the fuel tube are chamfered with a
round edge at the nozzle exit plane. A chimney with an inner
diameter of 25.4 mm was used to improve flame stability by



864 M.RJ. Charest et al./ Combustion and Flame 158 (2011) 860-875

shielding the core flow from disturbances created inside the
chamber. For all the flames, constant mass flow rates for methane
and air of 0.55 mg/s and 0.4 g/s were maintained, respectively,
which corresponds to an equivalent carbon flow rate of
0.412 mg/s. Exactly the same burner and flow rates were used
in the numerical study of Liu et al. [21]. Joo and Giilder obtained
measurements for temperature and soot volume fraction in
flames at pressures between 10 and 60 atm under normal-gravity
conditions. In the present study, calculations were performed at
pressures ranging from 1 to 60 atm both with and without grav-
ity. The temperature of the fuel and air supplied to the burner
was assumed to be equal to 300 K for all cases.

3.1. Computational domain and mesh

The two-dimensional computational domain used herein for
the coflow burner is shown schematically in Fig. 1 along with the
applied boundary conditions. The domain extends radially-
outwards 20 mm and 25 mm downstream. The modeled domain
is also extended 9 mm upstream into the fuel and air tubes to ac-
count for the effects of fuel preheating [94] and better represent
the inflow velocity distribution. Increasing the size of the domain
further had no effect on the solution. Note that the domain was ex-
tended radially beyond the chimney walls to improve numerical
convergence. This alteration had no affect on the predicted flow-
field surrounding the flame since the chimney walls are far away
from the flame. A simplified representation of the fuel tube geom-
etry was employed to reduce the numerical complexity of this par-
ticular problem. As shown in Fig. 1, the chamfered edge of the fuel
tube was approximated by a tube with 0.4 mm uniformly-thick
walls.

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 mesh with 60,000 cells. These
cells were clustered towards the burner exit plane to capture
interactions near the fuel tube walls and towards the centerline
to capture the core flow of the flame. A fixed mesh spacing of
approximately 35 um was specified in the radial-direction be-
tween r=0 and r=4.8mm. The vertical spacing approaches
5.6 um near the fuel tube exit plane. The same mesh was employed
for all calculations, zero- and normal-gravity, to facilitate the
comparison. Increasing the mesh resolution did not significantly
improve the numerical solution.

All computations were performed on a high performance paral-
lel cluster consisting of 104 IBM P6-575 nodes with 128 GB RAM
per node and a high-speed interconnect. The nodes each have 32
IBM POWERS6 cores (4.7 GHz) and are connected to a non-blocking
switch with four 4x-DDR InfiniBand links.

20 mm |

Outlet f
|3
wn
Z = g
= . AR

g No-slip Wall 8

g 3
Loy _v
Fuel N \ED
Inlet \ Coflow Inlet j

Lﬁ 0.4 mm
—> [+—1.5 mm

Fig. 1. Computational domain and boundary conditions.

3.2. Boundary conditions

The far-field boundary was treated using a free-slip condition.
At the outlet, temperature, velocity, species mass fractions and
soot number density are extrapolated while pressure is held fixed.
The gas/soot mixture composition, velocity, and temperature are
prescribed at the inlet while the inlet pressure is extrapolated from
inside the domain. Uniform velocity and temperature profiles were
applied for both the fuel and air inlet boundaries. The three sur-
faces that lie along the tube wall were modeled as adiabatic walls
with zero-slip conditions. For the radiation solver, all boundaries
except for the axis of symmetry are assumed to be cold and black.

All of the flames considered in this study are stabilized by the
burner tube rim. As a result, significant heat transfer occurs be-
tween the flame and tube that causes the temperature of the tube
surface to increase. This heat transfer intensifies with increasing
pressure as the flame base moves towards the burner rim and tem-
perature gradients near the burner steepen [18]. Giilder et al. [95]
measured tube surface temperatures as much as 100 K higher than
ambient conditions for similar laminar coflow diffusion flames at
atmospheric pressure. They concluded that the heat transfer
between the fuel tube and hot gases significantly affects local gas
temperatures and soot volume fractions.

Most numerical studies involving burner-stabilized laminar
coflow diffusion flames employ fixed-temperature boundary
conditions and assume that the tube temperature is equal to that
of the cold reactants [21,63,75]. These studies also neglect any
increase in fuel or oxidizer temperature upstream of the burner
exit plane. One exception is the study by Guo et al. [94] which cap-
tured the preheating effect by including the upstream portion of
the burner and prescribing a temperature distribution along the
burner walls. Specifying cold walls represents the limit in which
absolutely no heating of the tube occurs whereas the adiabatic
conditions used here represent the opposite limit for the effect of
gas-tube heat transfer—that is, the tube is allowed to heat up to
the maximum possible temperature. Based on prior experimental
[95,96] and numerical [94] findings, it is clear that accurate repre-
sentation of laminar diffusion flames requires incorporating conju-
gate heat transfer between the gas and tube wall. However, such
an analysis can be computationally demanding and is beyond the
scope of this study.

Several investigators artificially increased the prescribed tem-
peratures at the inlet (fuel, air, and tube surface) to improve
the agreement between predictions and experimental measure-
ments [62,83]. However, this type of trial-and-error analysis is
not ideal for large systematic studies with varying operating con-
ditions. Guo et al. [94] found that predictions for temperature and
soot volume fraction improved when the upstream portion of the
tube was modeled with an experimentally-measured temperature
distribution prescribed along the tube walls. However, experi-
mental data for the tube temperature is not available for the
flames studied here and the measurements obtained by Giilder
et al. [95] are not applicable. Temperature increases in the tube
wall are expected to be much larger in the present study, espe-
cially at higher pressures where the flame almost touches the
burner rim [18,20].

Preliminary calculations for the normal-gravity flames were
first attempted using prescribed cold-wall boundary conditions.
However, the predictions did not accurately represent the experi-
mental results above 20 atm. For these cases at pressures above
20 atm, converged steady-state solutions could not be obtained
and, in some cases, the flames descended into the fuel tube. Nor
could a suitable temperature distribution along the tube wall be
prescribed that mimicked the experimental results. As such, adia-
batic wall conditions were chosen for the entire study as they pro-
vided the best agreement between numerical predictions and
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experimental measurements. The same adiabatic boundary condi-
tions were prescribed for the zero-gravity flames.

4. Verification with measurements
4.1. Numerical convergence for high-pressure flames

In general, the Newton-Krylov algorithm converged well and
relatively quickly for all cases at low pressures, but unfortunately
stalled at pressures of 30 atm and above when gravity was present.
This convergence stall was attributed to the decreasing flow speeds
and increasing ODE stiffness which occurred as pressure increased.
The stiffness of the governing ODEs increased significantly with
pressure as gas-phase and soot-related reaction rates intensified.
Several solutions were employed to avoid convergence stall. First,
a relaxation factor of 0.1 was applied to the non-linear Newton up-
date computed at each outer iteration. Second, the soot number
density was taken to be constant and the corresponding transport
Eq. (2) was not solved, further alleviating numerical stiffness. A
similar approach was applied by Kennedy et al. [71] for the numer-
ical prediction of soot in ethylene laminar diffusion flames. They
found that the predicted soot volume fractions were relatively
insensitive to the assumed number density provided that the
production of soot mass was dominated by surface growth mech-
anisms. Based on their work, a constant number density of
10'8 kg~! was assumed for the 30, 40, 50 and 60 atm flames at nor-
mal-gravity. The maximum predicted values for the soot number
density in the 1, 10 and 20atm normal-gravity flames are
0:46 x 10'8, 1:33 x 10'® and 1:47 x 10'® kg™ !, respectively. With
these modifications, converged steady-state solutions were ob-
tained in all cases. These modifications were not required for the
zero-gravity flame calculations as no numerical difficulties were
encountered. They were only employed for calculations of the nor-
mal-gravity flames between 30 and 60 atm.

4.2. The implications of assuming a constant number density

Two separate tests were conducted to assess the implications of
assuming a constant number density as described previously on
soot volume fraction predictions. First, calculations for the nor-
mal-gravity flames were performed at 1, 10 and 20 atm assuming
a constant number density of 10'® kg~ and the results were com-
pared to those obtained by solving (2). Comparing the two sets of
predictions, Fig. 2a, the constant number density assumption has
negligible effect on the predicted soot volume fraction. The largest
differences between solutions occur at 1 atm where soot volume
fractions are low. Based on these results, assuming a constant N
is not expected to significantly affect the predictive accuracy of
the soot model above 1 atm.

The second test consisted of comparing the results obtained for
the 20 atm normal-gravity flame assuming different values for N.
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As illustrated in Fig. 2b, which compares the predicted contours for
soot volume fraction obtained using three different values of N,
the solution is only sensitive to the assumed value of Ny when N;
is small. For example, increasing N by a factor of 100 from 10'®
to 10?°%kg ! produced a 5% increase in the peak soot volume frac-
tion. However, a 33% decrease results from a 100-fold decrease
in Ny from 10'® to 10'® kg~!. These results indicate that the soot
model is fairly insensitive to Ns as long as a reasonable estimate
for N; is provided.

For the remainder of this study, calculations for all flames ex-
cept the normal-gravity flames between 30 and 60 atm included
the solution of (2). The modifications discussed in Section 4.1,
which include the assumption of a constant number density for
soot, were only applied to the 30-60 atm normal-gravity flames.

4.3. Radial profiles

The predicted radial profiles of soot volume fraction at various
heights above the burner are compared with the measurements
of Joo and Giilder [20] in Fig. 3. Only the numerical results obtained
for the normal-gravity flames are presented in the figure. The mod-
el predicts many of the experimentally observed trends but tends
to over-predict 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 soot volume frac-
tions initially increase with height. The locations of the peaks with-
in this annulus converge towards the centerline as the inner
accelerating core flow entrains the soot particles inwards. Oxida-
tive processes begin to convert soot to gaseous species such as
CO higher up in the flame, causing soot levels to drop. As pressure
is increased, the peaks in the radial profiles for soot volume frac-
tion become more pronounced and their locations contract radi-
ally-inwards. Soot production also increases with pressure since
the higher pressures and contracting flame result in higher gaseous
species concentrations, larger mixture densities and faster reaction
rates. While these features are observed in the numerical results,
the magnitude of the predicted soot volume fraction is greatly
over-predicted in most cases, especially in the annular region with
high soot levels. For example, the peak soot concentrations for the
10 atm flame are over-predicted by factors of 2.2, 1.7 and 2.5 at ax-
ial heights of 3, 5 and 7 mm, respectively. This agreement does not
improve much as pressure is increased to 60 atm where the peaks
are over-predicted by factors of 1.6, 1.4 and 2.8 at the 2, 5 and
8 mm heights, respectively. Along the centerline, the concentration
of soot is under-predicted for the 10 and 20 atm flames and is con-
sistently over-predicted for the other flames.

The predicted annular regions of high soot concentration in
Fig. 3 are much thicker than the measured values and the locations
of the predicted peaks are shifted radially-inward. One possible
cause of the thicker predicted annular soot-containing region is er-
rors introduced by the simplified representation of the PSD, but
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(a) Left: solving Eq. (2); Right: assuming N, = 10'8 kg~!.

(b) Effect of constant number density.

Fig. 2. Effect of number density on predicted contours for soot volume fraction in the normal-gravity flames. Units in ppm.
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Fig. 3. Measured (symbols) and predicted (lines) radial profiles for soot volume fraction and temperature. Measurements taken from Joo and Giilder [20].

these discrepancies could also be caused by errors in the soot
chemistry sub-model. The shifted locations of the predicted peaks
are attributed to the simplified geometrical representation of the
burner rim.

While many of the trends with pressure and flame height can be
observed in both the numerical and experimental results depicted
in Fig. 3, some trends are incorrectly predicted. Temperature has an
annular structure similar to the radial profiles for soot volume frac-
tion except that the radial location where temperature peaks oc-
curs at a slightly larger radius. With increasing height in the
flames, the experimental results show an increase in the peak tem-
perature which gradually shifts in position towards the centerline.
This radially-inward shift of the peaks is correctly predicted,
although the calculated peak temperatures decrease with down-
stream distance. This indicates that the predicted peak tempera-
ture occurs much lower in the flames than in the experiments.
Higher temperatures low in flame where there is an abundance
of fresh fuel would result in larger soot formation rates and cause
the over-predicted soot volume fractions previously discussed.

As pressure is increased, the measured temperature profiles
contract inwards and the peaks become more pronounced. Increas-
ing pressure is also observed to result in a slight decrease in the
peak temperatures at each height as more soot is produced and
radiative heat losses to the surroundings intensify. While the pre-
dictions show these same trends with pressure, the decrease in
peak temperature with increasing pressure is not as severe. This
suggests that the relationship between soot yield and pressure is
incorrect because soot volume fraction and temperature are tightly
coupled through radiation. Since radiation from soot can have a

strong effect on flame temperature [73,97,98], the disagreement
in the relationship between the peak flame temperatures and pres-
sure may be caused by errors introduced by the soot model.

Temperature predictions in the lower portion of the flame at 2
and 5 mm agree reasonably well with the measurements, except
that the peaks are over-predicted. Higher in the flame at 8 mm,
the peak values are in better agreement with the experimental
data except shifted radially-outward, especially for pressures be-
tween 10 and 40 atm. There is also a significant under-prediction
of temperature along the centerline closer to the tip of the flame.
Peak temperatures at the lowest axial height, where their agree-
ment is poorest, are greatly over-estimated by 210K at 10 atm,
310K at 20atm, 325K at 30atm, 340K at 40atm, 387K at
50 atm and 370K at 60 atm. The high temperatures near the
burner are a result of the adiabatic boundary condition over-
predicting wall temperatures. The under-predicted temperatures
along the centerline at the higher heights are a result of the thicker
soot regions and larger soot yield that were predicted, observed in
Fig. 3, which increase radiative heat losses from the core of the
flame. The shifted temperature profiles are most likely caused by
the simplified geometry.

4.4. Soot volume fraction contours

Predicted contours of soot volume fraction are presented along-
side those constructed from the measurements of Joo and Giilder
[20] in Fig. 4. 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
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Fig. 4. Predicted (left) and measured (right) contours for soot volume fraction in ppm. Measurements taken from Joo and Giilder [20].

flame height based on soot volume fraction is over-predicted for
each pressure, but remains constant at approximately 11 mm be-
tween 20 and 60 atm. Decreasing pressure below 20 atm caused
the predicted flame height to decrease to 10 mm at 10 atm and
7.5 mm at 1atm. These numerical predictions for flame height
are based on the location where the soot volume fraction is equal
to 0.01 ppm. In contrast, a constant visible flame height of 9 mm
was observed in the experimental results. Similar numerical re-
sults for flame height were obtained by Liu et al. [21] for the same
flames, although they predicted a more agreeable constant flame
height of 9.5 mm.

The model correctly predicts the general vicinity of the peak
soot volume fraction, however, some significant differences be-
tween predicted and measured soot concentrations are observed
in Fig. 4 at lower flame heights. For instance, the model always pre-
dicts that soot production begins further upstream than in the
experiments. With increasing pressure, both experiments and pre-
dictions show that the initial onset of soot formation begins earlier
and that the annular structure becomes thinner and more pro-
nounced. Beginning at 10 atm, the model predicts a small amount
of soot inside the fuel tube near the wall that intensifies as pres-
sure is increased further to 60 atm. Soot concentrations inside
the tube begin to approach the maximum levels for the whole
flame around 30 atm and exceed the values which occur higher
up in the 50 and 60 atm flames. These results for the predicted soot
volume fraction are different from those presented by Liu et al.
[21], who predicted much lower soot concentrations in better
agreement with the experimental results for the same flames
between 10 and 40 atm. They did not predict such high soot con-
centrations near the burner rim.

The differences between the numerical results obtained in this
study and those presented by Liu et al. [21] are mainly attributed
to the different wall boundary conditions employed: fixed-
temperature versus adiabatic. Both studies used a similar numeri-
cal model with only a few differences: (1) Liu et al. did not model
upstream of the burner exit; and (2) in this study, the unmodified
equations governing compressible gas mixtures were solved
instead of the low-Mach-number equations. As a result, Liu et al.
were able to obtain realistic steady-state solutions for the nor-
mal-gravity flames between 5 and 40 atm with cold-wall boundary
conditions and without requiring the constant number density
approximation. Based on the results discussed in Section 4.2, the
constant number density approximation is not expected to signif-
icantly affect the predictions. Rather, the adiabatic boundary con-
ditions are assumed responsible for high predicted temperatures
near the burner which causes soot formation to occur lower in
the flame. Higher overall soot concentrations and longer flame
heights occur as a result. While the adiabatic wall boundary condi-

tion may be somewhat inaccurate, the resulting solutions better
represent the physical behavior of the flames when compared to
solutions obtained assuming a fixed, low-temperature wall. As dis-
cussed in Section 3.2, physically realistic solutions could not be ob-
tained above 20 atm with cold-wall boundary conditions. There is
some experimental support for high soot concentrations predicted
within the fuel tube near the exit [99,100]. Using the same set-up,
Mandatori and Giilder [99] observed the complete blockage of the
fuel tube by soot at about 35 atm with an ethane diffusion flame.
Similarly, Joo and Giilder [100] observed the discharge of carbon
particulates along with a liquid phase from the fuel nozzle of
high-pressure methane-air coflow diffusion flames.

4.5. Soot yield

To assess the fuel’s propensity to soot and its sensitivity to pres-
sure, the variation in the carbon conversion factor with pressure
was studied. This factor is defined as #, = s/, where . is the
carbon mass flow rate at the nozzle exit [16]. The mass flux of soot
through a horizontal cross-section is
ms = ans/fvvrdr (21)
where p, = 1.9 g cm? is the density of soot [73], f, is the soot volume
fraction and vis the axial velocity. Since the velocity is not known in
the experiments, it is estimated by v = v/2az, where z is the height
above the burner and a is an acceleration constant commonly as-
sumed equal to 25 m/s? [23]. The computed velocity was also used
as an alternative to estimate i1 in (21) using the experimentally-
measured soot volume fractions.

The results for the maximum carbon conversion factor based on
the experimental measurements are compared with the numerical
predictions in Fig. 5. The numerical results obtained for the

—_
[=3
[=)

& Joo and Gillder, v=(2az)"
—e— Joo and Giilder, v=v,
—=— Thomson et al. (SSE)
—v— Thomson et al. (LOSA)
—o— Numerical (1g)

- Numerical (0g)

slope=0.1

=

Max Fuel Conversion to Soot, %

j=]

10
Pressure, atm

100

Fig. 5. Maximum fuel carbon converted to soot as a function of pressure.
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zero-gravity flames are discussed in detail in the following section.
Experimental results based on measurements obtained by Thom-
son et al. [18] using both line-of-sight attenuation (LOSA) and
spectral soot emission (SSE) are also displayed in the figure. Note
that the results reported by Thomson et al. were derived using
the » = v2az approximation. Differences between the measure-
ments reported by Thomson et al. and Joo and Giilder above
20 atm were attributed to systematic calibration errors in the fuel
flow rate introduced by Thomson et al. at high pressures [20].

As observed in Fig. 5, there is a significant difference between
the two lines corresponding to the experimental results of Joo
and Giilder based on the different velocity approximations. The
values computed using the predicted velocity field are assumed
to be more accurate.

The predictions for the normal-gravity flames mimic the exper-
imentally observed trends reasonably well, but the maximum 7 in
each flame is consistently over-predicted. The degree of this over-
prediction diminishes as pressure is increased to 60 atm. For exam-
ple, the peak carbon conversion is over-predicted by a factor of 1.7
at 10 atm, a factor of 1.1 at 40 atm, and correctly predicted at 50
and 60 atm. Both the experimentally-based and predicted maxi-
mum values for 75 display a dependence on pressure that weakens
as pressure is increased from 10 to 60 atm. However, the numerical
predictions over-predict the slope at pressures below 10 atm and
under-predict the slope above 10 atm. A slight discontinuity occurs
in the predicted relationship between #, and pressure at 30 atm
where the soot model modifications for improved convergence
were applied. Despite the modeling changes, the numerical results
still predict the correct trends. This would suggest that the major-
ity of the total soot mass is produced through surface reactions.

5. Effects of gravity and pressure
5.1. Soot yield

Eliminating gravity has a large effect on the predicted maxi-
mum #s, Fig. 5. In the low-pressure flames at 1 and 10 atm, remov-
ing gravity enhances the maximum #; by about a factor of 1.2 but
does not alter the relationship between 75 and pressure within this
range. However, the predictions for the two gravity levels begin to
deviate significantly above 10 atm since increasing pressure fur-
ther causes 75 to decrease for zero-gravity and increase for nor-
mal-gravity. As a result, #s is lower in the zero-gravity flames for
high pressures.

The differences observed between the #s-pressure relationships
at the two levels of gravity are partially explained by comparing
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the local variation of the soot mass fraction along a soot particle’s
path, shown in Fig. 6 for each flame. In the figure, the trajectory of
the soot particle originates at the reaction zone and passes through
the region of maximum soot volume fraction. The reaction zone
was designated by the location where the mixture fraction is stoi-
chiometric. A similar procedure was performed by Honnery and
Kent [101,102] to analyze experimental measurements in laminar
diffusion flames of ethylene and ethane.

For this numerical study, the mixture fraction was computed
using the following relation proposed by Bilger [103] for meth-
ane-air flames:

_ 2Yc/Mc + %YH/MH + (Yoz — Yo)/Mo

Z= 22
2Yc1/Mc + %YH,l/MH + Yo2/Mo (22)
From (22), the stoichiometric value of Z is equal to
Yo2/M
Zy 02/Mo (23)

- 2Yc1/Mc + %YHJ/MH + Yo2/Mo

where Y; and M; are the mass fractions and atomic masses for the
elements carbon, hydrogen and oxygen. Subscripts 1 and 2 refer
to values in the fuel and air streams, respectively.

The local variation of Y5 along a soot particle’s path for each
flame is shown in Fig. 6. The normal-gravity flames at 50 and
60 atm could not be analyzed in this manner due to difficulties
defining a particle trajectory. Difficulties arose because the maxi-
mum soot volume fractions for these two flames occurred inside
the tube instead of further downstream above the burner rim.
The most noticeable difference between the results for the two
gravity levels is that particle residence time in the normal-gravity
methane flames initially increases with pressure from 1 to 10 atm,
but then remains approximately fixed for further increases in pres-
sure beyond 10 atm. This means that the flames above 10 atm are
fully developed and that the residence times for these flames are
independent of pressure, which corresponds with the theory de-
scribed in Section 1. The pressure beyond which residence times
stop increasing, 10 atm, corresponds with the drastic change in
the pressure-7; relationship observed in Fig. 5 for the normal-
gravity flames. Similar behavior is observed at zero gravity, except
that the peak soot mass fractions begin to decrease above 20 atm
even though particle residence times continue to increase.

As can be seen in Fig. 7, pressure has differing effects on the pre-
dicted contours of soot mass fraction at the two levels of gravity. At
1 atm, the structure of the predicted contours for both levels of
gravity are similar because the effects of buoyancy in the nor-
mal-gravity flame are relatively small. Soot concentrations are
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Fig. 6. Soot mass fraction along a particle streamline originating from the reaction zone and passing through the maximum soot volume fraction for (a) normal- and

(b) zero-gravity flames.
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Fig. 7. Predicted contours for soot mass fraction in the normal-gravity (left) and zero-gravity (right) flames. Dashed black lines denote the location where the mixture fraction

is equal to the stoichiometric value.

higher and the onset of soot occurs lower in the zero-gravity flame
since residence times are longer. As pressure is increased, buoyant
forces distort the flow, pulling streamlines towards the centerline
and causing the normal-gravity flames to narrow. This narrowing
increases temperatures along the centerline and enhances the pro-
duction of soot. Since both radial velocities and reaction rates in-
crease as pressure is increased in the presence of gravity, the
reaction zone narrows and the annular soot zone becomes thinner
in the normal-gravity flames.

When gravity is neglected, velocities decrease linearly with
pressure while the streamlines remain unaffected. Therefore, soot
production increases with pressure in the zero-gravity cases pri-
marily because the residence times are longer and the entrainment
of fresh oxidizer into the flame is slower. However, longer resi-
dence times and higher soot concentrations promote radiation
losses and, as a result, temperatures in the zero-gravity flames de-
crease with pressure, Fig. 9a. In addition to this, the amount of
available acetylene for further soot production declines as pressure
is increased and more soot is produced, Fig. 12a. Declining acety-
lene concentrations are also observed when soot and radiation
are neglected in the calculations, Fig. 12b, but at a much slower
rate. This indicates that changes in chemistry at high pressure re-
sults in less acetylene available to produce soot under zero-gravity
conditions. At some critical pressure, around 30 atm in this study,
the combined effects of low temperatures and reduced acetylene
concentrations in the zero-gravity flames begin to negatively affect
soot formation rates. This results in the declining soot mass frac-
tions observed in Figs. 6 and 7 for the zero-gravity flames as pres-
sure is increased above 30 atm.

Once pressure is increased to 20 atm, the zero-gravity flames
begin smoking. Soot concentrations increase significantly with
pressure between 1 and 20 atm regardless of gravity level, but
the convective transport of oxygen to the flame is much lower in
zero-gravity. In addition, temperatures in the zero-gravity flames
are drastically lowered by radiation at high pressures. Both con-
tribute to slow oxidation rates in zero-gravity.

There is a noticeable difference in the effect of pressure on
flame structure at the two gravity levels. Under normal-gravity,
the annular soot-containing region becomes thinner and more pro-
nounced as pressure is increased to 60 atm. However, thermopho-
retic forces become important in zero-gravity, especially at high
pressures where flow velocities are low, driving particles off flow
streamlines and thickening the annular soot-containing region.
The increased effects of molecular diffusion, which also become
relatively more important as pressures are increased in the
absence of gravity, contribute to the thickening of the soot-
containing region by widening the reaction zone.

5.2. Residence time and velocity

The axial velocity along centerline, illustrated in Fig. 8a for all
flames, steadily decreases with increasing pressure under zero-
gravity conditions. While there is a small decrease in axial velocity
between the 1 and 10 atm normal-gravity flames, there is almost
no change above 10 atm. This pressure corresponds to the pressure
above which the particle residence time stops increasing.

The mass flow rate through the stoichiometric flame envelope is
shown in Fig. 8b for all flames. For this study, the flame envelope is
defined by the isocontour where the mixture fraction is stoichiom-
etric. The mass flow decreases beyond about 3 mm since the flame
begins to close. The mass flow rate through the normal-gravity
flames first increases from 1 to 10 atm, but then remains roughly
constant for all pressures above this. This means that the amount
of air entrained into the flame does not increase above 10 atm.
However, the rate of entrainment does appear to increase with
pressure at normal gravity since the initial slopes of the lines in
Fig. 8b become steeper. The mass flow through the zero-gravity
flames is much lower, except at 1 atm, and does not change much
as pressure is increased. This is one of the causes for the higher
smoking propensity observed in zero-gravity as there is less oxy-
gen entrained into the flame even though soot production is
enhanced.

5.3. Temperature and radiation heat transfer

While there is almost no difference between the predicted tem-
perature contours of the zero- and normal-gravity flames at 1 atm,
Fig. 9a, the significant changes that occur as pressure is increased
cause large deviations at high pressure. In zero-gravity, enhanced
radiation losses resulting from the long residence times and high
soot volume fractions reduce local gas temperatures steadily as
pressure is increased. This observed decrease in temperature is
especially pronounced along the centerline, causing a shift in the
location of the peak temperature from the tip of the flame to the
base. This shift does not occur in the normal-gravity flames and,
in general, different behavior is observed when gravity is turned
on. Instead, buoyant forces contract the flame while enhanced
convective transport and high pressures promote fast reaction
rates and thin reaction zones.

A considerable degree of preheating is observed along the
centerline at high pressures and normal-gravity levels while fuel
preheating is negligible in zero-gravity. Instead, the air stream is
preheated near the tube wall in the zero-gravity flames. Both of
these observed preheating effects are assumed to be somewhat
artificially enhanced by the adiabatic wall conditions.



870 M.RJ. Charest et al./ Combustion and Flame 158 (2011) 860-875

1.6 4.5 T T
atm
,(b) 10 atm -------- ]
1.4 4 ; ‘ 20 atm -
30 atm
1.2 35¢ 40 atm —--— 7
S50atm -~
3F 60atm ~ -~ A

N
wn

Velocity, m/s
o o
(=)} o0

Mass Flow Rate x 106, kg/s
[\S]

1.5F
0.4 1 :“
0.2 0.5
0 k= = - 0 S
0 5 10 15 20 25 0 2 4 6 8 10 12
Height Above Burner, mm Height Above Burner, mm

Fig. 8. Distributions of the predicted axial velocity along the flame centerline and the mass flow rate through the stoichiometric flame envelope.

Peak: 2013 Peak: 2008 Peak: 2208 Peak: 2082  Peak: 2219 Peak: 2021  Peak: 2199 Peak: 1977

T T — —T—— T — ——
+ latm{ | 20 atm{ 40 atm{ | 60 atm-|

20

W

F 1200
1600

Height, mm
S

Radius, mm o
(a) soot and radiation included

25 Peak: 2043 Peak: 2045 Peak: 2242 Peak: 2256  Peak: 2271 Peak: 2283  Peak: 2287 Peak: 2294
T —rr ——T —

+ latm{ |

T T T T T T T

L 40 atm{ | 60 atm+

20

—_
=4

Height, mm
=

0
Radius, mm

(b) soot and radiation neglected

Fig. 9. Predicted temperature contours for the normal-gravity (left) and zero-gravity (right) flames. Units in K. The dashed black lines correspond to the location where the
mixture fraction is equal to the stoichiometric value.



M.RJ. Charest et al./ Combustion and Flame 158 (2011) 860-875 871

The impact of radiation on temperature is confirmed by com-
paring predictions obtained without soot and radiation, Fig. 9b,
to predictions obtained when they are both included, Fig. 9a. Con-
sidering the temperature predictions obtained without soot and
radiation, peak temperatures steadily increase with pressure,
regardless of gravity level. Temperatures are marginally higher in
zero-gravity, possibly because the slower velocities provides reac-
tions more time to complete and progress towards equilibrium.
When soot and radiation are included, Fig. 9a, peak temperatures
of the normal-gravity flames increase with pressure at a slower
rate than when they were neglected since any increase in heat-
release is counter-acted by radiative heat losses. Radiation effects
are much stronger at zero-gravity and, as a result, peak tempera-
tures decrease with increasing pressure when soot and radiation
are included. Above 1 atm, the peak temperatures in the zero-
gravity flames are significantly lower than those in the normal-
gravity flames. These low temperatures in the zero-gravity flames
are one of the primary reasons for the decreased sensitivity of 75 to
pressure observed above 20 atm.

The divergence of the radiative heat flux, V - q;aq, is plotted in
Fig. 10 for each flame. Since this quantity varies exponentially over
the range of pressures studied, the logarithm of the negative
component of V - q;.q is plotted in Fig. 10. At 1 atm, the predicted
contours of V - (g at normal- and zero-gravity conditions are
similar. However, the drastic increase in radiation transport with
pressure produces significant differences between the predictions
for V - q;aq in the two 60 atm flames. The magnitude of V - q;aq is
always slightly larger in the normal-gravity flames, which is a
direct result of the steeper temperature and soot concentration
gradients in the normal-gravity flames at high pressures. However,
radiation has a stronger impact in zero-gravity since velocities are
lower. There is also a significant amount of energy transported
upstream into the coflow-air supply tube. While this upstream
energy transport vanishes under normal-gravity conditions when
pressure is increased to 60 atm, it intensifies with pressure in the
absence of gravity.

5.4. Species mass fractions

In the presence of gravity, buoyant forces rapidly accelerate the
flow upward. The accelerating flow entrains the surrounding
coflowing oxidizer stream and mixes the oxidizer with fresh fuel.
Since buoyancy-induced acceleration scales with p2g, increasing
pressure intensifies entrainment and speeds up oxidative

pyrolysis. This phenomenon is observed in Fig. 11a, which shows
the predicted contours of methane mass fraction in the normal-
and zero-gravity flames. At normal-gravity, methane is consumed
at a faster rate as pressure is increased from 1 to 60 atm. Early fuel
pyrolysis is also observed inside the fuel tube at high pressures.
This is possibly a result of high temperatures near the tube wall
which result from the adiabatic boundary conditions. When
gravity is eliminated, increasing pressure while maintaining fixed
mass flow rates has the opposite effect since flow velocities are
reduced. As such, convective transport slows and fuel consumption
rates decrease. The lower temperatures at high pressure also con-
tribute to the observed delay in fuel consumption. Additionally,
longer residence times as pressure is increased in zero-gravity
may allow axial diffusion to drive fuel downstream. Some early
fuel pyrolysis is observed in zero-gravity due to the high tempera-
tures near the wall, which is depicted in Fig. 9a.

When soot and radiation are neglected, there is not much
change in the normal-gravity results for methane mass fraction,
Fig. 11b. However, the delayed fuel consumption with increasing
pressure in zero-gravity, observed in Fig. 11a, does not occur. This
is because temperatures are much higher when soot and radiation
are neglected.

Regardless of gravity level, acetylene mass fractions decrease
with increasing pressure, Fig. 12a. This decrease is partially attrib-
uted to the consumption of acetylene through Reactions (R1) and
(R2) to produce soot. In both cases, normal- and zero-gravity, acet-
ylene is formed downstream of the fuel tube and peaks along the
centerline at 1 atm. However, the peak in all flames above 1 atm
occurs further upstream in an annular region near the fuel tube
wall where temperatures are high (see Fig. 9a). It is at these higher
pressures where the main differences occur between flames at the
two gravity levels. For instance, acetylene completely disappears
along the centerline of the zero-gravity flames above 10 atm. This
is attributed to the decrease in temperature along the centerline
which results as pressure is increased in the absence of gravity.
In the normal-gravity flames, a considerable amount of acetylene
is observed inside the fuel tube. Acetylene first appears inside
the tube at 10 atm and concentrations increase when pressure is
raised to 20 atm. However, acetylene concentrations begin to de-
crease with further increases in pressure. This behavior results
from the competition between several processes which intensify
at higher pressures: (1) acetylene production inside the tube due
to fuel preheating, and (2) consumption of acetylene to produce
soot.This competition is confirmed by comparing the predictions
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Fig. 10. Predicted contours of the divergence of the radiative heat flux, V - q;.q. Contours correspond to log;o[max(—V - qaq), 1].
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Fig. 11. Predicted contours for methane mass fraction in the normal-gravity (left) and zero-gravity (right) flames.
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Fig. 12. Predicted contours for acetylene mass fraction in the normal-gravity (left) and zero-gravity (right) flames.

obtained with and without soot and radiation, Fig. 12a and b.
When soot and radiation are neglected, acetylene concentrations
inside the fuel tube of the normal-gravity flames increase steadily
with pressure. Here, the effects of fuel preheating are still present
but there is no gas-to-soot conversion to consume acetylene.

Several factors contribute to the higher acetylene concentra-
tions observed under normal-gravity conditions.

(1) The longer residence times in the zero-gravity flames pro-
mote the conversion of acetylene to soot.

(2) Temperatures inside the fuel tube and near the wall are
higher at normal-gravity because radiation has less impact
and buoyant forces contract the flame towards the center-
line. These higher temperatures promote the breakdown of
fuel and the production of acetylene.
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Fig. 13. The effect of pressure and gravity on the stoichiometric mixture fraction surface.

(3) Entrainment of air into the flame base, which also promotes
fuel pyrolysis, intensifies with pressure at normal-gravity
while it does not change much with pressure at zero-gravity.

These last two items are confirmed by comparing predictions
obtained with and without soot and radiation, Fig. 12a and b.
Neglecting soot and radiation, peak acetylene concentrations are
almost constant between 10 and 60 atm at normal-gravity. How-
ever, they decrease significantly with pressure for zero-gravity.
The large initial increase in acetylene production between 1 and
10 atm for both normal- and zero-gravity flames occurs because
of the ten-fold increase in pressure.

5.5. Flame geometry

Since the zero-gravity flames begin smoking at relatively low
pressures—that is, below 20 atm—it is difficult to compare the vis-
ible flame geometry. Typically, the predicted visible flame shape
would be defined as the location where the soot volume fraction
is equal to a certain value. Instead, we focus on the flame shape de-
fined by the stoichiometric mixture fraction (22) and (22).

The shapes of the normal- and zero-gravity flames, illustrated in
Fig. 13a, are similar at 1 atm where the effects of buoyancy are
small. However, above this pressure, the zero-gravity flames be-
come significantly longer and wider than the normal-gravity
flames. Flame width decreases with increasing pressure at
normal-gravity in accordance with previous findings [17-21], but
remains roughly unchanged with pressure at zero-gravity. This
narrowing of the normal-gravity flames occurs because, as
pressure is increased, buoyant forces contract streamlines inwards.
Pressure has virtually no effect on the path of the streamlines in
zero-gravity; it only effects the magnitudes of velocities through-
out the flame.

The height of the normal-gravity flames increases significantly
from 1 to 20 atm, but remains roughly constant with any further
increases in pressure. It is not clear what causes this increase in
height since the flames are all buoyancy-controlled (Froude
number <« 1) within the range of pressures studied. A much larger
increase in height is observed as pressure is increased in zero-
gravity due to the higher soot concentrations and large decrease

in temperature. This is confirmed by comparing the results
obtained with and without the inclusion of soot and radiation
effects, Fig. 13a and b. Without soot and radiation, the zero-gravity
flames are much shorter and their shape is completely indepen-
dent of pressure. The length of the non-sooting flames is also
shorter when gravity is absent. This suggests that diffusion times
are large enough that combustion is not hindered by slowing
velocities and reduced convective transport.

6. Concluding remarks

The methane laminar coflow diffusion flames of Joo and Giilder
[20] were studied numerically to assess the predictive capabilities
of a simple, acetylene-based soot model and help explain a number
of the experimental findings. Calculations were also performed
without gravity to isolate the effects of buoyancy and pressure
on sooting characteristics and flame structure. Pressures consid-
ered ranged from 1 to 60 atm.

In order to obtain converged, steady-state solutions for the high
pressure (30-60 atm) normal-gravity flames, modifications to the
soot model were required which included assuming a constant
number density. Assuming a fixed number density did not signifi-
cantly affect the numerical solutions, nor did varying the assumed
value of N;. These results suggest that soot formation is fairly
insensitive to nucleation for heavily-sooting flames and that sur-
face growth determines the overall soot mass produced.

Although large discrepancies were observed between the pre-
dicted and measured values, the soot model employed in this study
was able to predict the overall features and the correct trends with
pressure. The soot model predicted the appearance of soot lower in
the flame than measured and that soot is formed inside the fuel
tube above 10 atm. As a result, the soot concentrations and the vis-
ible flame lengths were over-predicted. These discrepancies were
attributed to the soot model and uncertainties in the wall bound-
ary conditions. Both temperature and soot volume fraction were
over-predicted, which suggests that the adiabatic wall boundary
condition over-predicts the temperature of the tube wall. However,
it is unclear whether the formation of soot inside the tube is an
artifact of the over-predicted wall temperatures. There is some
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experimental evidence to support these high soot concentrations
predicted within the fuel tube near the exit [99].

Based on the numerical results, pressure and gravity were ob-
served to significantly influence the sooting behavior and flame
structure of laminar diffusion flames. The zero-gravity flames have
lower gas temperatures, thicker soot-containing regions and high-
er soot volume fractions than normal-gravity flames at the same
pressure. These differences were negligible at 1 atm, but became
larger as pressure was increased. Flames at both levels of gravity
displayed a similar power-law relationship between the maximum
carbon conversion factor and pressure that weakened as pressure
was increased. However, an inverse relationship between pressure
and the maximum carbon conversion factor was predicted above
20 atm when gravity was neglected. An investigation of the
numerical results has revealed that these differences in the soot-
pressure dependence is a result of several factors. At low pressures,
the predicted temperatures and acetylene mass fractions for
flames at the two gravity levels are similar because soot volume
fractions are low and the effects of buoyancy are minimized. How-
ever, residence times become long and soot volume fractions high
as pressure is increased above 20 atm in zero-gravity, promoting
large radiation losses and reducing temperatures. This decreases
soot formation rates in the zero-gravity flames and causes the car-
bon conversion factor to decrease as pressure is increased beyond
20 atm. Low acetylene concentrations at high pressures also con-
tribute to this behavior.

Flame shape was observed to change when gravity and pressure
were varied. The zero-gravity flames become longer while the nor-
mal-gravity flames narrowed when pressure was increased. This
lengthening of the zero-gravity flames was attributed to the low
temperatures and slow oxidation of soot which results at high
pressures. This suspicion was confirmed as it was also shown that
all of the flames became shorter when soot and radiation were
neglected. In fact, the shape of zero-gravity flames is only affected
by soot and radiation.

Future work will include more detailed gas-phase kinetic mech-
anisms that describe the formation of large molecular weight soot
precursors and more realistic models for soot [7,58]. Conjugate
heat transfer between the tube wall and surrounding hot gases will
also be more thoroughly investigated.
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