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Abstract: Soot and radiation heat losses are both affected by finite residence times in turbulent
hydrocarbon flames. This computational study aims to understand the effects of flow conditions and
model parameters on the soot and enthalpy evolution in turbulent jet flames. Jet flames burning in
air are characterized by a residence time, or the fuel-air mixing time. This time scale limits the time
available for other processes to occur, including soot formation and radiation heat transfer. The inlet
jet velocity, sooting tendency of the fuel, and fuel density were varied in Reynolds-averaged Navier-
Stokes (RANS) simulations with standard k-e closure models. Presumed-PDF flamelet libraries for
ethene and heptane model the main flame chemistry and provide soot and radiation source terms.
The tendency of the fuel to form soot was varied artificially through a factor applied to the soot
source terms. The parameters studied were found to have competing effects on the residence time,
soot formation, and radiation losses of the jet flame. Longer residence times led to increased soot
formation and radiation, until the increase in radiation began to limit further soot formation.
Keywords: soot, radiation, turbulent flames

1. Introduction

Thermal radiation is an important contributor to heat transfer in fires and practical combustors, and for
hydrocarbon fuels soot is a significant contributor to this radiation heat transfer. However, soot evolution

and radiation heat transfer are among the slower processes and are often affected by the fuel-air mixing
rates. The manner in which global mixing rates affect local and global soot levels has been addressed

recently over a certain range of parameter space [T]. This supplements earlier understanding that global
radiation heat transfer from jet flames tends to increase as the global residence time increases [2]. More

recent work has shown possibly non-monotonic behavior in the global radiant emissions as a function of
the residence time, or at least as a function of d/u, where d is the jet nozzle diameter and u is the jet exit

velocity [3]. Understanding of the relative significance of time scales for fuel-air mixing, soot evolution, and
radiation heat transfer is important for predicting trends in heat transfer in fires and combustors. Modeling
studies offer potential insights into the relationship between the physics and the resulting behavior because
the model can be queried more fully than experiments.

This work uses relatively simple computational models to predict soot and enthalpy evolution in tur-

bulent jet flames, providing a framework for discussing time scale interactions and assessing the ability
of this class of models to predict in more highly sooting environments through scaling arguments. The

core combustion modeling approach is based on flamelet methods [4, 5] where the thermochemical state
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is referenced to a reduced set of variables that evolves in the computational fluid dynamics (CFD) used to

predict the overall flow field evolution. The temperature, species mass fractions, and needed source terms
are primarily related to evolved variables such as mixture fraction and enthalpy and derived variables such

as scalar dissipation rate. These dependent variables can then be expressed using a flamelet library where
the independent variables are taken from the CFD-level solution.

Flamelet methods have been applied to similar problems addressing soot formation and radiation losses
in turbulent jet flames. Early work, including [§41, pioneered the approaches employed here to bring soot

and enthalpy evolution into the flamelet methodology. These methods developed empirical two-equation
models for soot evolution, based on a soot number density and mass density (equivalently, mass fraction

or volume fraction) that used the local temperature and species information (often C2H2) from the flamelet

library to provide source and sink terms for soot. Similarly, radiation source terms were determined to apply
to the enthalpy evolution. These two-equation soot models have been applied to a variety of fuels including

methane [N], natural gas [§], ethene [[], and kerosene [9], but the source terms needed to be modified to
match empirical data for each of these fuels.

More recently, a class of models has been introduced that applied the observed inverse relationship
between the laminar smoke point and soot production rates [10]. This led to models that calibrated to a

single fuel, generally ethene, with the source terms scaled by the laminar smoke point ratio of ethene to the
target fuel [ , 12]. We note that these models generally express the soot formation as a fraction of the fuel
consumption rate, which is fundamentally different from providing a kinetic two-equation model. Since the
fuel consumption rate is proportional to the fuel-air mixing rate (or the scalar dissipation rate) there is a
more direct dependence on the mixing rate than exists in kinetic models.
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2. Methods

2.1 Conservation equations

Simulations are carried out using a low-Mach number turbulent reacting flow code (Fuego) that is a com-
ponent of the Sierra suite of tools for addressing multi-physics computational science predictions lip]. The
problem is formulated in the context of Reynolds-averaged Navier-Stokes (RANS) equations, including a
differential buoyancy source term, with standard k-E models to predict turbulence evolution [14]. Only con-

servation equations that include a source term of relevance to this analysis are given below; other standard
conservation equations are not duplicated here [p].

The evolution of the enthalpy is significantly affected by radiation heat transfer in many reacting flows,

and this is a focus of the present study. Enthalpy conservation is given by

d (ph) (phai) d µ kit) dh k
dt dxj dxj Pr + Prt ) dxj) dxi'

(1)

where h is the Favre-averaged enthalpy, Pr is the Prandtl number, and Prt is the turbulent Prandtl number.
The radiation source term in Eq.I is the divergence of the radiant flux, 4,;., expressed as

dq; 
 = 4o-aT4
dxi

(2)

where c is the Stefan-Boltzmann constant, a is the absorption coefficient, and G is the radiant scalar flux.

The turbulence-radiation interactions associated with the radiation emission term are treated using a pre-

sumed PDF model with a clipped Gaussian PDF parameterized using Z and Z"2; this term involves contri-
butions from both soot and gas-phase species. The absorption coefficient is expressed a = asYS + ag, where

as is the soot absorption coefficient per soot mass fraction (YS) and ag is the absorption coefficient of the
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gas-phase components. The soot absorption coefficient expression is a's = (-375000 + 1735T )(PM) 1 Psoot
[15]. The gas-phase absorption is computed in the optically thin limit using curve fits to the RADCAL

database for CH4, CO2, H20, and CO [16, 17]. We note that inclusion of the single hydrocarbon, CH4, sig-

nificantly enhances the absorption coefficient for the heptane flame simulations relative to the ethene flame
simulations because substantially more CH4 is produced in heptane decomposition compared to ethene.

The fuel-air mixing is predicted through the evolution of the RANS conservation equations for the
mixture fraction and its variance. The mixture fraction conservation equation

a(p2) d(p2a;) d p, µt d2) ,z
dt ax; dx; Sc Sct dxj

includes a source term equal in magnitude to the soot mass fraction source term (Cbz = thYs), with the latter
given below. Soot production tends to reduce the mixture fraction, in the extreme converting a rich mixture

to a stoichiometric mixture depleted of hydrocarbons suitable for soot production. Soot oxidation converts
soot to CO; soot oxidation tends to increase the mixture fraction, making the mixture more rich.

Soot is modeled in the simplest manner possible through RANS conservation equations for the Favre-
averaged soot number density, Ns (in moles per mass of mixture times a gas density), and for the soot

mass fraction, fs. Empirical source terms as a function of the temperature and acetylene concentration are
obtained from literature models [8, 18 19]. The inputs for these models are obtained from flamelet libraries.

The conservation of soot moles per mass is given by

d(pRs) d(pR5141) = 
a )dfcrs

dt dx; dx; 
(

sc -F sct dx; )+ '

and the source term is

thNs = TS/AN [C2H2] exp ( — TNIT)
24vdRT NA „ay. 1/6 1i-it 1/6

pis
Psoot

(3)

(4)

(5)

where the two source terms represent nucleation and coagulation. The nucleation rate is governed by a
pre-exponential coefficient AN = 54 s-1 and an activation temperature TN = 21, 100 K (175 kJ mol-1) and

is proportional to the acetylene concentration, [C2H2]. The second term represents coagulation in the free

molecular limit with vd = [61(7rPsoorNA)]113 used in converting the particle volume to its diameter where

Psoot = 1800 kg/m3 is the soot density and NA is Avagadro's number. Particles are treated as spherical to
estimate coagulation; fractal aggregates tend to have larger cross-sectional areas and agglomerate faster,

reducing the particle number density, but the spherical assumption might adequately represent the primary
particle surface area, providing a reasonable estimate of overall mass growth and soot volume fraction

required for radiation source term estimates.
The conservation of soot mass fraction is given by

(A) d(Pta1) d µ At aYs

at dx; dx; dx; )±(° •

and the source term thYs is expressed in terms of nucleation, surface growth, and OH and 02 oxidation,

thYs = rspWpAN [C2H2] exp — TNIT)

-F[rs pAsG[C2H2] exp (—TSGIT)

—A02 [02] VT' exp (—T02/T)

Ÿs213R,5113
—Ace [OH] VT1 1,3

(6)

(7)
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where the molecular weight of a soot nucleate Wp = 144 kg/kmol. Surface growth and oxidation rate coef-

ficients are ASG = 11, 700 s-1, - TSG = 12,000 K, A02 = 500 s-1, To, = 21, 000 K, and Ace = 4.23 5-1.
A factor rsp adjusts the soot production rates to represent fuels with differing sooting propensities; this

term applies to the nucleation and surface-growth contributions but not the oxidation. This is at best a qual-
itative model of varying sooting propensity, especially because aromatic fuels tend to have soot formation

and growth further to the rich regions than ethene. Other groups have attempted to model PAH contributions
to soot growth through other terms in the context of this two-equation soot model framework [19, 20], but

in the present we do not consider this.

2.2 Simulated flames

Using the above described RANS formulation, simulations were conducted for turbulent jet flames over a

wide range of parameter space. While a single jet diameter was employed in this study, the global mixing
rate was varied by altering the fuel inlet velocity. Because the flame size depends on the fuel mass flow rate,

model fuels of ethene and heptane were simulated with the fuel density providing an additional dimension

of the parameter space. Realistic fuels are composed of mixtures of hydrocarbons, often with aromatics

present. To represent the effect of fuel types including those with higher sooting propensities, the soot
nucleation and surface growth rates were altered by a factor, rsp, for both ethene and heptane.

The basic geometric configuration corresponds to that of Zhang et al. [21] with a 3.2 mm inner diameter

fuel jet surrounded by a 15.2 mm pilot. The fuel nozzle exit velocities were set to 25, 35, 55, 70 and 100 m/s

with the median velocity corresponding to measurements in [21]. A coflow of air at 0.9 m/s is also included.
The range of conditions allows us to consider jointly the effects of momentum-driven mixing rates, buoyancy
through flame scale, and soot production rates on the soot and enthalpy evolution. An example of predicted

temperature and soot mass fraction fields is given in Fig.

- 2.004-03
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0.0M
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0 CO3

6

1

Figure 1: Contour plots of temperature and soot mass fraction for ethene jet flames with nozzle exit velocity
of 54.7 m/s.

3. Results and discussion

This work focuses on the turbulent jet-flame evolution of soot and enthalpy; both evolve at rates comparable
to the overall fuel-air mixing times. The relevant rates of fluid mixing are introduced next. This is followed

by discussions of the effect of residence time on the soot and then the enthalpy evolution, the latter through
radiant emissions. In the final subsection, modifications to the sooting propensity are simulated and the

interactions of these processes discussed.
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3.1 Flame evolution time scales

Fuel-air mixing is initially driven by the fuel source momentum. An initial estimate for the characteristic
momentum-driven mixing time is d 1 u, referred to here as the convective residence time. However, buoyant
acceleration can impart significant mixing energy in larger jet flames, so a more comprehensive estimate of
the fuel-air mixing time is derived from the ratio of the mass of fuel in the flame to the mass flow rate of
fuel from the jet. This global mixing residence time is p

=
3pod2u

pf141j3LfZ,
(8)

where pf is an estimate of the flame density, Wf is the observed flame width, Lf is the observed flame length,

Z, is the stoichiometric mixture fraction, and po is the ambient fuel density.
Lf was defined as the x-location at which the centerline carbon fraction (the sum of mixture fraction

and soot mass fraction) dropped below 0.05. At x = LfI2, the radial profile was used to find Wf using the
same criterion. It is likely that experimental measures of flame volume used a mixture fraction threshold

smaller than 0.05. To align the simulation residence times with measured residence times 121, the simulation
residence times are multiplied by a factor of 5 (multiplying each length scale by a factor of about 1.7).

Simulation data for convective and global residence time is plotted together with experimental data for
three hydrocarbon fuels from past work in Fig. 2 [g]. Experimental data is indicated by unfilled plot markers.
As the jet velocity increases, the fuel-air mixing rate increases and both the convective residence time and
global residence time decrease. Momentum-dominated jets are expected to have a slope of unity in Fig. 2.
The predicted slopes of the ethene and heptane series are about 2/3 and 1/3 respectively, indicating that

buoyancy affects the residence time in both flames, but the effect is stronger in heptane.
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Figure 2: The relationship between the convective residence time, d 1 u, and the global residence time, T,

for simulations and available literature measurements. A slope of unity is provided for reference to the
momentum limit in both panels.

A more local time scale for fluid mixing is the scalar dissipation rate, describing the molecular mixing

process associated with the mixture fraction. At a global level, the inverse scalar dissipation rate should scale
with the global residence time, but the dissipation rates vary strongly along the flame axis as shown in Fig. 3

The scalar dissipation rate illustrates the effect of velocity on the mixing process in two respects. First, the
dissipation rates scale with the source jet velocity because this provides the initial momentum-driven mixing.
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Classical momentum-driven jet scaling states that

x oc x-4. Second, when buoyant acceleration is
more important as evident in the larger heptane jet

flames, the associated buoyant acceleration slows
the decay of the dissipation rate. For these larger

more buoyant flames, while the dissipation rates
near the flame base are smaller, the dissipation rates

near the flame top are greater as evident in Fig. 3
3 0

3.2 Soot formation

This work begins with a basic empirical model for

soot formation in ethene flames and seeks to under-
stand the interaction between fuel-air mixing, soot

evolution, and radiation enthalpy losses. We begin
by assessing predictions of the well-documented

Shaddix flame with the baseline ethene parameter set. Fig. 4 demonstrates reasonable agreement between
predictions and measurements given the challenges of soot predictions. All predictions are conducted at a

relatively low mesh resolution using the standard k — E parameter set, so jet flame heights are underpredicted.
While this shifts the soot centerline profiles, other model predictions will be relative to this state.

Soot production is relatively slow in flames and

is well-known to be sensitive to the global residence
time. Measurements for various (relatively low-

sooting) fuels show a decrease in soot levels if the
global residence time is reduced, often expressed as

an increase in the global strain rate [1231]. Using the
baseline soot model, Fig.   shows the centerline

soot mass fractions for ethene with the jet exit ve-
locity adjusted by factors of \/2, and 2 up and down

relative to the Shaddix jet flame exit velocity. Also
shown are similar predictions with heptane using

the same soot rate parameters (Fig.15b); since hep-

tane has a similar laminar smoke point to ethene,
this is thought to be a reasonable first approxima-

tion subject to further validation.
While the centerline soot is an often measured

quantity, it is important to evaluate global soot levels. A more integral measure of the soot is the ratio of
soot mass flux to fuel mass flux, referred to here as the soot fraction, xs. These are expressed in terms of the

cross-flame area integral of the soot advection terms and mixture fraction advection terms,

IS A f puYsrdr

z" f0 puZrdr

where YS and Z" denote the integral mass fluxes of soot and mixture fraction, respectively. Profiles for the
soot fraction evolution along the axis are shown in Fig.  where they are seen to resemble the centerline
soot mass fraction in Fig. 5. In other words, the soot fraction is an integral form of the soot mass fraction that

includes off-centerline contributions where significant. Since soot and radiation source terms peak off the
centerline for most of the flame height, this is a better measure of the early evolution. For the ethene-based
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Figure 3: Predicted centerline scalar dissipation rates
versus axial distance for varying jet velocity and fuel

density. The larger heptane flames deviate more
strongly from the -4 momentum-driven limit.
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simulations, the soot fraction decreases as jet exit velocity increases from 25-100 m/s. For the heptane-based

simulations, the soot fraction increases as jet exit velocity increases from 25-54.7 m/s, then decreases from
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Figure 5: Effect of jet exit velocity on centerline soot mass fraction.

54.7-100 m/s. The maximum soot fractions along the flame axis for each case in Fig. are extracted and

plotted versus the flame residence time in Fig.
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Figure 6: Effect of jet exit velocity on soot fraction evolution and peak values.

The heptane-based simulations have larger flames with increased buoyancy, contributing to fuel-air mix-

ing downstream as noted in Fig. 3. This reduces the change in i associated with the same change in d 1 u.
The larger volume also increases the radiant fraction relative to the residence time (zR « VilLfaVT). As
the residence time increases, the heptane-based simulations have enough buoyancy and radiation to reduce

soot formation. This is a function of the activation energy associated with soot formation with Arrhenius
behavior such as exp( —11, 000/T); reduced flame temperatures due to radiative cooling are reflected in re-

duced soot production rates. In the ethene-based simulations the flames are smaller, so there is not enough

buoyancy or radiation to limit the soot formation, resulting in the soot formation increasing with increas-

ing residence time. Thus, the ethene simulations directly follow the residence time expectation while the
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heptane simulations also demonstrate an interaction with the increased radiant losses.

3.3 Radiation heat losses

As noted in the previous paragraph, radiation and soot formation are closely linked in jet flames. Soot is a

major contributor to the jet flame radiation, the other being gas phase radiation. Increased soot formation
leads to increased radiation source terms, both for emission and absorption. However, as the radiation losses

increase, the flame temperature decreases so less soot can form. To quantify radiation heat losses, we will
evaluate the radiant fraction, ZR, the fraction of the heat of combustion that is lost by the flame through

radiation. In the simulations, this is best measured through the change in the flux of enthalpy, h", minus

the adiabatic enthalpy flux expected without radiation heat losses, Kid. The latter is a linear function of the
mixture fraction and can be evaluated using the mixture fraction flux. The flux of enthalpy deficit will be

referred to as y and is given by the difference of these two fluxes,

= h" — Waci = pu[h had(nrdr. (10)

The radiant fraction is then given by

XR =  (11)
Zi/h 'c 

where hc is the heat of combustion. The enthalpy deficit continually increases up to the flame tip with
radiant emissions, while the denominator is a conserved quantity equal to the fuel mass flux; thus, the

radiant fraction increases along the flame axis. Fig. 7— shows the evolution of the radiant fraction for both
fuels and a range of jet velocities. The maximum values from these profiles represent the total radiant
fraction, plotted as a function of residence time in Fig. 7b; this value corresponds to the measured radiant

fraction in experiments. For both series of flames XR increases with 2, and the slope is greater for heptane
than ethene.
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Figure 7: Radiant fraction depends monotonically on residence time and velocity for both fuels considered.

An appropriate radiation time scale is formed from the radiation emission term, the first on the right-
hand side of Eq.2, and the heat of combustion. This can be combined with the global residence time, 2, to

provide a dimensionless estimate of the radiation losses,

R, = 
4cYart-c

hc
(12)
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that should be similar to the radiant fraction. While it is challenging to estimate a characteristic value for

a T4, Kr directly suggests this positive relationship between XR and 2 shown in Fig. 7b through the linear
relationship between Rr and 2. For these flames that are not optically thick, as the residence time increases
the radiant fraction increases more rapidly for heptane. This is attributed here to heptane's greater gas-
phase absorption coefficient (noted in the discussion following Eq. g) and to the greater volume over which
the radiation emissions act. This is combined with the smaller overall change in 2 attributed to buoyant
acceleration.

The magnitudes of the radiant fraction can
be compared to measurements available in the 0 35 -

literature. We draw on two primary datasets, 0 30 -
one with fuels having molar masses similar

0 25 -

to ethene [g] and one addressing higher mo-
A 0 20 -

lar mass jet fuels and related surrogate mix-
0 15 -

tures [5]. Predicted radiant fractions from

Fig. rTii are overlaid with these measurements 
010 -

in Fig. 8. The current predictions are within 0 05 -

the experimental measurements; they lie in a

transition between the shallower dependence

of the radiant fraction on the residence time
evident in the low molar mass fuels for short

residence times [g] and the stronger increase
Figure 8: Predicted radiant fractions are compared with

in the radiant fraction observed for longer res-
measurements available in the literature [2, 3].

idence times and the higher molar mass fu- -

els [2, 3]. For the former, especially the methane and CO/H2 flames, it is expected that radiation is dominated
by gas emission and absorption; even with the present ethene and heptane flames the majority of the emis-

sions are from gaseous species. For longer residence times the soot fractions are expected to increase, and
for much longer residence times measured in pi there was a reduced radiant fraction. This might be due to a
stronger buoyant mixing effect, or to a stronger radiation reduction in sooting rates as observed for heptane
in Fig. 6b, but the current simulations were not conducted at such low Reynolds numbers and Froude num-

bers. We also note that the lower molar mass fuels including ethene also show an increase in the slope of the
radiant fraction versus residence time for residence times above 0.1 s; the current predictions do not show

such a strong increase directly, but larger soot production rates do lead to this result as indicated below.
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• = 4. 70 m/s
• r,p = 4, 100 m/s

Figure 9: Soot fraction versus residence time for C2H4 based
fuels for varying sooting propensity.
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Sub Topic: Turbulent Flames

the different values of rip in Fig. 9. The residence time of the jet flame limits how much soot can form, and

the maximum soot fraction is a monotonically increasing function of the residence time.T
However, as the sooting propensity increases, the dependence on the residence time is reduced. This

is reflected by taking a power law fit relating the residence time and the maximum soot fraction; results
show the exponents on the power law fit are reduced from xs « 21'54 for rip = 1 to ;es c. e.78 for rsp = 2

to Xs « e.38 for rip = 4. The reduction in the slope is attributed to increased soot radiation with higher
soot loading reducing the soot production rates, but unlike heptane, for the smaller ethene flames a positive

relation between the soot fraction and the residence time remains At the same time the total quantity of soot
increases dramatically, with the model predicting as much as half of the fuel mass flux converted to soot.
This shows a limitation of the model for highly sooting fuels because the current mixture fraction source

term allows all of the fuel carbon to be converted to soot. The current model puts a kinetic limit on soot
formation and oxidation but does not directly relate that to the kinetics of fuel to CO and H2 conversion that

place upper bounds on the fraction of fuel-derived soot precursors available for soot formation. We note that
this results in overpredicted soot levels in our simulations of pool fire (not shown).

The varying sooting propensity also
affects the radiant fraction predictions, 0.40 -

as expected. As the sooting propen-

sity increases, the radiation heat losses 
0.35

and the resulting maximum radiant frac- 0 30

tions increase. These radiant losses pro-
0.25

vide a feedback mechanism that reduces
the soot production for longer residence 0.20

times, resulting in the reduced power law
0.15

dependence discussed above. Fig.
shows the dependence of the radiant

fraction on residence time for varying

sooting propensity.
This limit that soot formation and ra-

diation impose on each other can also be

seen in the relationship between radiant Figure 10: Effect of sooting propensity on radiant fraction.

•

•

•
•

•

•

•

•

10

• rp, =1,

X r. =1,

It rw =1,

• rp, =1,

▪ rp, =1,

10-1

25 m/s

35 m/s

4.

r [s]
= 2, 25 m/s

rs,,, =2, 35 m/s

•

IN

rp, = 4,

I-. =4,

2 10-1

25 m/s

35 m/s

54.7 m/s + rsp =2, 54 7 m/s ■ rsp = 4,54.7 m/s

70 m/s + = 2, 70 m/s • rsp = 4,70 m/s

100 m/s 4. = 2, 100 m/s • rp, = 4,100 m/s

fraction and soot fraction shown in Fig. 11. Increasing the soot flux leads to higher radiant fractions, but at

higher soot and radiation levels, further soot formation is limited, indicated by the slopes of each rip series.
It is noteworthy that the increase in radiant fraction is small relative to the increase in the soot fraction.
Radiant fractions are self limiting because heat losses directly inhibit radiant emissions, while the reduction

in soot formation associated with increased radiation, at least for the current model, is not as strong. Soot
formation kinetics are not inhibited directly by large soot mass fractions, but the depletion of fuel-derived

precursors ultimately places an upper bound on soot formation. The current model form was identified
above as not placing a strong enough bound based on fuel-derived precursor depletion.

4. Conclusions

This work examines the predicted trends of relatively simple models for soot formation coupled with radiant
heat transfer over a range of residence times and considering a pair of fuel densities that provide some

difference in the flame volume for a given residence time. To approximate the role of fuels with different
sooting propensities, the soot nucleation and surface growth terms were increased by a factor in some cases;

1This is not true for heptane cases as indicated above; with heptane for increased rsp the soot fraction increases and then
decreases with increasing residence time, exhibiting similar non-monotonic behavior as shown in Fig. g .
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this led to a very significant increase in the soot fraction and a more modest increase in the radiant fraction.
In general, both soot and radiation tend
to increase when global residence times 0.40 -
increase as both act independently. How-
ever, increased radiation losses can re- am -

duce soot formation because soot for- 0.30 -
mation is inhibited if flame temperatures A

drop low enough. For situations where 0.25 -

the relative change in the radiant losses 
0.20 -

compared to the relative change in the

residence time is large enough, the soot 0.15 -

fraction does not increase with residence
time while the radiant fraction will con-
tinue to increase, at least up to a limit

where heat losses are already large. For
a fixed d/u, larger flames tend to be

Figure 11: Radiant fraction and soot fraction for various soot
more buoyant and this leads to a reduced

factors and velocities.
change in residence time; such behavior

was observed with higher-density hep-

tane relative to ethene for the current
conditions.

4. •

•
•

■
•
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