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ABSTRACT

This report describes an assessment of flamelet based soot models in a laminar ethylene coflow
flame with a good selection of measurements suitable for model validation. Overall flow field and
temperature predictions were in good agreement with available measurements. Soot profiles were
in good agreement within the flame except for near the centerline where imperfections with the
acetylene-based soot-production model are expected to be greatest. The model was challenged to
predict the transition between non-sooting and sooting conditions with non-negligible soot
emissions predicted even down to small flow rates or flame sizes. This suggests some possible
deficiency in the soot oxidation models that might alter the amount of smoke emissions from
flames, though this study cannot quantify the magnitude of the effect for large fires.
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1. INTRODUCTION

Thermal radiation from soot is typically the most important cause of both fuel vaporization and
thermal damage to the surroundings for large scale (> 1 m) fires. When more fuel is vaporized, a
fire will release more heat and grow so that thermal radiation can potentially have a feedback
effect. However, soot also absorbs radiant flux so that the presence of large quantities of soot
observed in most fires acts both to emit and absorb thermal radiation.

The physics of soot formation, growth and oxidation remains a research challenge even for
laminar flames. However, in these simpler flames it is possible to identify trends that are relevant
to large fires where additional complications arise from turbulence and radiation interactions
[23–25, 31]. One trend of interest is the tendency for larger fires and larger laminar flames in the
configuration studied here to emit smoke [4, 18, 29]. It has been observed that for coflow flames
there is a flame length (and equivalently a fuel mass flux) where there is a transition from a non
sooting flame to one where soot is emitted in significant quantities. This is referred to as the
smoke point [4, 18, 23, 24, 29], and this report considers conditions above and below the smoke
point. The smoke point has been identified as a key metric for assessing soot predictions
capabilities.

Measurements in large scale fires are particularly challenging because high levels of soot and
radiation make optical and other measurements difficult. Most available measurements effectively
average over a broad range of states. When available, point measurements in turbulent flames of
soot and temperature occur over a distribution of mixing states so that results show a broad
distribution of states [15, 20]. Heat flux measurements are averaged along lines of sight and also
in time.

Recently, there has been a move toward soot models in fire environments that can adapt to
different fuels [7, 8]. One approach that enables this is by pre-computing the detailed flame
chemistry using flamelet approaches and using the results to provide soot source terms in fire
simulations [10]. The flame chemistry and soot source terms in the flamelet calculations can
employ a range of models available from the scientific literature. A benefit of this approach is that
as improvements in the science of fuel chemistry and soot formation are published in the
scientific literature, it is relatively easy to adopt these improvements into fire-scale predictions,
nominally without the extensive calibration usually employed for soot modeling in fires [28].

In this report, we assess the performance of a set of models that has been employed to predict soot
formation and oxidation in a range of external studies [5, 6, 10, 13, 19, 30, 32]. These models
evolve two transport equations for soot, the number of soot particles and the overall mass
conversion to soot, using source terms that are empirical but that take advantage of detailed
chemical models to predict soot precursors. For the models addressed in this report, acetylene is
the soot precursor for both nucleation and growth processes while oxidation by oxygen molecules
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and OH radicals is included. In this manner, there is an interaction between the fuel chemistry
predictions of the precursors and the soot production that should be assessed over a range of
conditions.

The target configuration used in this work for assessing model performance is a laminar coflow
configuration where fuel issues vertically into a chimney with air coflowing around the fuel. This
creates what appears to be a large candle flame. The laminar coflow configuration in this report is
based on the work of Santoro et al. [23, 24], and a variety of detailed experimental measurements
are available in literature. Fuel and air flow rates in this dataset span the transition from non
sooting to sooting flames. These experiments have been used in a variety of soot model validation
studies, typically without employing laminar flamelet models [12, 16, 17].

The conditions vary from the base of the flame to the tip, providing a good test of model
performance. At the base of the flame, the fuel-air mixing is fast and radiative cooling is small.
Conversely, at the flame tip the fuel-air mixing is slow and radiative cooling is substantial. The
flame length and thus the overall fuel-air mixing time at the flame tip varies with the fuel flow
rate, adding another dimension to the test.

This report outlines the flamelet calculations, soot model, and computational domain for the
coflow configuration. Simulation results are used to draw comparisons to experimental data.
Analysis of the trends observed in the predictions is conducted using comparisons between 2-D
axi-symmetric and 3-D simulations, post-processed integrated quantities, and simulations with a
thermophoretic soot transport model.
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2. METHODS

Simulations of bench-scale, ethylene co-flow flames were conducted in Sandia’s low-Mach
combustion module, SIERRA/Fuego version 4.57 [27]. This software simulates buoyantly-driven
incompressible flow, heat transfer, combustion, and soot and is aimed at modeling large-scale
fires. The choice of combustion model is key to the prediction of fire behavior, and in this work
we examine the predictive capabilities of strained laminar flamelet models as implemented in
Fuego by comparison to well characterized co-flow experimental data. The key components of
this analysis are the construction of the flamelet model, the choice of chemical mechanism, the
experimental datasets, and the discretization of the computational domain.

2.1. Experimental Validation Data

For this study, two ethylene co-flow flame datasets from Santoro et al. [23, 24] were chosen for
their detailed soot and velocity measurements. The burner in these studies was constructed from
concentric brass tubes with a fuel outlet diameter of 1.11 cm and air co-flow diameter of 10.16
cm. The chimney that contains the flame was 40.5 cm long with a flow restrictor at the top to
prevent recirculation.

Two experimental conditions were chosen based on soot production to test soot model predictions.
Santoro refers to these conditions as “NS” and “S” for non-sooting and sooting, respectively. The
fuel and air flow velocities for these cases are listed in Table 2-1. Experimental measurements of
particular interest for this work are the soot volume fraction, flow velocity, and temperature.

Table 2-1. Flow conditions for selected experiments from Santoro et al. [23,24].

Case Fuel Velocity Air Velocity
(cm/s) (cm/s)

NS 3.98 8.9
S 5.06 13.3

Soot volume fraction was quantified using laser light extinction and scattering measurements.
Data were gathered in the radial direction from the center of the burner to beyond the edge of the
flame at a range of heights above the burner. These radial profiles were integrated at each height
to track total soot volume fraction versus height.

A laser velocimeter was used to collect velocity measurements as a function of radial position at a
set of axial locations. The air and fuel were seeded with aluminum oxide particles to obtain laser
velocimetry measurements. Temperature measurements were obtained by Type S thermocouples
with a bead diameter of approximately 200 µm. The original study authors caution that these
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thermocouple measurements should be interpreted qualitatively due to the difficulty of acquiring
good measurements in a flame. They note that while the measurements have been corrected for
radiative losses, conduction losses down the thermocouple leads have not been accounted
for [24].

2.2. Predicting flame chemistry

In non-premixed combustion as occurs in fires, it is observed that the thermochemical state is
most strongly correlated with the overall fraction of the fluid that originated in the fuel stream.
Additional important correlations also occur depending on the mixing time scales and any heat
losses. In flamelet approaches employed here, a large number of one-dimensional "flamelet"
simulations describing the fuel-air mixing are conducted for a range of mixing time scales and
heat loss rates. The fuel-air mixing is characterized using a mixture fraction variable, Z, that
represents the fraction of the fluid originating in the fuel stream. In the CFD simulation, a
transport equation for the mixture fraction along with equations for the enthalpy and soot
quantities (mass of soot and moles of particles) are evolved in addition to the momentum and
continuity. The full thermochemical state including source terms for soot production and
consumption plus radiative emission and absorption source terms are then obtained from the
flamelet results that are tabulated ahead of time.

To compute the flamelet quantities in a generalized manner, the species and energy transport
equations are transformed into the mixture-fraction coordinate resulting in equations of the
form

∂Yi

∂t
=

χ

2
∂2Yi

∂Z2 +
ωi

ρ
, (2.1)

∂T
∂t

= − 1
ρcp

ns

∑
i=1

ωihi +
χ

2

(
∂2T
∂Z2 +

1
cp

∂T
∂Z

∂cp

∂Z
+

∂T
∂Z

ns

∑
i=1

cp,i

cp

∂Yi

∂Z

)
−Hχmax

ρcp

1
(1−Zst)Zst

T −T∞

Tmax(t)−T∞

, (2.2)

wherein Yi, hi, cp,i, and ωi are the mass fraction, enthalpy, isobaric specific heat capacity, and net
mass production rate of species i, respectively. T is the temperature, t is the flamelet evolution
time, ρ is the mass density, cp is the isobaric specific heat capacity of the mixture, T∞ is a chosen
cooled reference temperature, and H is an arbitrary heat transfer coefficient, discussed further
below. The link between the mixture fraction coordinate and diffusive mixing rates occurs
through the scalar dissipation rate, χ = 2D|∇Z|2 where D is a diffusion coefficient for fuel-air
mixing obtained from a unity Lewis number approximation and the thermal diffusivity.

Flamelet profiles are created by first computing steady state flamelets with H set to zero
(adiabatic flames) for a large range of scalar dissipation rates (stoichiometric values from
χst = 10−3 s−1 to χst = 1200s−1). Using these steady-state adiabatic profiles, the heat loss
coefficient is set to H = 8×105 W/m3 leading to flame cooling at a rate commensurate with
radiative cooling. This rate of cooling causes the flame state to evolve through extinction by
cooling (simulating radiative quenching) down to near ambient temperatures [10].
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2.3. Conservation equations for coflow flame structure

The co-flow scenario is a controlled laminar diffusion flame which is not typical of the large,
turbulent fire environments that are studied with Fuego. The laminar flow equations for mass,
momentum, energy, and scalar transport are solved in Fuego while the method for solving
radiation transport is dependent on the computational domain. For a 2-dimensional axi-symmetric
domain, a simple radiation source is modeled in Fuego that approximates radiative heat transfer
as the difference between the local temperature to the fourth power and a reference temperature to
the fourth power. For the 3-dimensional simulations, radiation transport is solved using discrete
ordinates with quadrature order 3 via coupling to Nalu [11]. For brevity, details of the mass,
momentum, and energy equations can be found in the Fuego theory manual [26], and the
conservation of mixture fraction and soot will be described in this section.

Conservation of the mixture fraction, Z, is given as

∂(ρZ)
∂t

+
∂(ρZu j)

∂x j
=

∂

∂x j

(
µ

Scs

∂Z
∂x j

)
− ω̇

Ys, (2.3)

where ω̇Ys is the soot mass fraction source term given below, ρ is the gas density, µ is the gas
viscosity, u j is the velocity in the j direction, and Scs is the soot Schmidt number. In this
approach the soot is not included in the mixture fraction because slow soot evolution relative to
fuel-air mixing means that soot is not well correlated with the mixture fraction like the main
flame chemistry is. The soot Schmidt number is 200 in this work, resulting in negligible soot
diffusion relative to the diffusion of other scalars, the mixture fraction and enthalpy.

Soot is modeled with a two-equation formulation where transport equations are solved for the
soot number density, Ns, and the soot mass fraction, Ys. Empirical source terms as a function of
the temperature and acetylene concentration are obtained from literature models [1, 2, 6], and the
inputs for these models are obtained from flamelet libraries.

The conservation of soot mass fraction is given by

∂(ρYs)

∂t
+

∂(ρYsu j)

∂x j
=

∂

∂x j

(
µ

Scs

∂Ys

∂x j

)
+ ω̇

Ys. (2.4)

where the source term, ω̇Ys , is expressed in terms of four sources: nucleation, surface growth, and
OH and O2 oxidation.

ω̇
Ys = ω̇RWpAN [C2H2]exp(−TN/T ) (2.5)

+

[
ω̇RASG[C2H2]exp(−TSG/T )

−AO2[O2]
√

T exp(−TO2/T )

−AOH[OH]
√

T
]

v2
dπρY 2/3

s N1/3
s ,
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where the molecular weight of a soot nucleate, Wp, is taken as the molecular weight of twelve
carbon atoms, giving 144 kg/kmol. Surface growth (SG) and oxidation rate coefficients are
ASG = 11,700 s−1, TSG = 12,000 K, AO2 = 500 s−1, TO2 = 21,000 K, and AOH = 4.23 s−1.

The conservation of soot moles per mass is given as

∂(ρNs)

∂t
+

∂(ρNsu j)

∂x j
=

∂

∂x j

(
µ

Scs

∂Ns

∂x j

)
+ ω̇

Ns, (2.6)

with the source term ω̇Ns modeled as

ω̇
Ns = ω̇RAN [C2H2]exp(−TN/T )−

√
24vdRT NA

ρsoot
ρ2Y 1/6

s N11/6
s , (2.7)

where the first term on the right-hand side represents nucleation, and the second term represents
coagulation as derived from particle collision theory as described by Smoluchowski. The
nucleation rate is governed by an Arrhenius rate model with a pre-exponential coefficient
AN = 54 s−1, and an activation temperature TN = 21,100 K (175 kJ mol−1). This rate is
proportional to the acetylene concentration, [C2H2] in kmol kg−1.

The second term represents coagulation in the free molecular limit where ρsoot = 1800 kg/m3 is
the soot density and NA is Avagadro’s number. The constant vd = [6/(πρsootNA)]

1/3 is used in
converting the particle volume to its diameter, assuming all particles are of uniform size. 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.

One modification needed for the source terms in large turbulent fires is retained here: in the core
regions of the fire, rich soot laden mixtures can absorb radiant energy and remain quite hot.
Because soot formation in these two equation models follows a simple Arrhenius rate, elevated
temperatures lead to unphysically large soot production rates. It is known that soot growth
follows a so-called bell curve (e.g., [3, 14]) where molecular decomposition inhibits soot growth
at high temperatures. To mimic this, we introduce one additional term, ω̇R, that smoothly adjusts
the soot nucleation and surface growth to a negative value above temperatures of Tc; the rate of
this transition is given by an effective decomposition activation temperature, TR.

ω̇R = 1− exp
(

TR

(
1
Tc
− 1

T

))
(2.8)
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2.4. Computational Domain

Two computational domains were generated for simulation in Fuego: a 2-D axi-symmetric
domain and a 3-D domain. Figure 2-1 outlines the features of these domains including:
dimensions, inflow/outflow locations, axes, and a notional flame. In each domain, a 20 cm tall
fuel inlet section is modeled to provide sufficient time for development of the flow. The fuel
inflow radius, air inflow radius, and chimney height follow the experimental dimensions with the
exception of the 3-D case where a flow restrictor was added to the top of the chimney. The flow
restrictor decreases the outlet diameter by 1/2 and has a height of 2.54 cm which helps to prevent
recirculating flow and improves numerical stability.

y
r

y
r

Ethylene Ethylene

AirAir

Outflow
Outflow

20 cm

40.5 cm

1.11 cm

Figure 2-1. 2-D axi-symmetric simulation domain (left) and a vertical slide of the 3-D domain (right).

The 2-D mesh contains 98,010 nodes and is discretized in to quadrilateral elements. The fuel
inflow section has 20 elements across the radius (r f ) and with a constant axial discretization of
r f /10. Discretization of the chimney in the axial (y) direction grows uniformly from r f /20 at the
base of the chimney (y = 0 cm) to r f /5 at the outlet (y = 40.5 cm). In the core of the chimney
where r is less than r f , the radial discretization is constant, and outside of this core the element
size grows evenly from r f /20 to r f /10. A close-up of the connection between the fuel inlet and
chimney can be seen in Figure 2-2 left.

The 3-D domain is discretized with hexahedral elements and a total of 882,223 nodes. The
discretization in the axial (y) and radial (r) directions is coarser than the 2-D domain. Inside the
fuel inlet, the maximum axial and radial discretization is r f /10 with a finer “paved” mesh at the
core of the inlet (see Fig 2-2 right). Inside the chimney section, the axial discretization grows
evenly to r f /2.5 at the outlet which includes the flow restrictor (y = 43.4 cm), while the radial
discretization grows from r f /10 at r = r f to r f /2.5 at r = 5.08 cm. Similar to the 2-D domain, the
radial discretization in the core of the flow (r < r f ) is constant in the chimney section. Finally, the
azimuthal direction is discretized in to 32 elements.
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Figure 2-2. 2-D axi-symmetric simulation mesh at the connection between the fuel
inlet and chimney (left) and a bottom view of the 3-D mesh (right).

2.5. Scaling analysis for coflow flames

In this section we introduce some basic scale relationships for coflow laminar diffusion flames. If
the conservation equations are written in axi-symmetric form and integrated over the flow area
following Peters and Göttgens [21] several of the terms cancel out. The area-integrated axial
momentum, mixture fraction, enthalpy, and soot mass fraction equations are

∂

∂y

∫
∞

0
πρu2rdr+u∞

∂

∂y

∫
∞

0
ρurdr =

∂

∂y
πρ̂û2b2 =

∫
∞

0
π(ρ∞−ρ)grdr, (2.9)

∂

∂y

∫
∞

0
πρuZrdr =

∂

∂y
πρ̂ûẐb2 = −

∫
∞

0
πω̇

Ysrdr (2.10)

∂

∂y

∫
∞

0
πρu(Z +Ys)rdr =

∂

∂y
πρ̂û(Ẑ + Ŷs)b2 = 0 (2.11)

∂

∂y

∫
∞

0
πρuhrdr =

∂

∂y
πρ̂ûĥb2 =

∫
∞

0
π

(
4σαT 4−αG

)
rdr, (2.12)

∂

∂y

∫
∞

0
πρuYsrdr =

∂

∂y
πρ̂ûŶsb2 =

∫
∞

0
πω̇

Ysrdr. (2.13)

In these expressions, b represents a width of the flow, relatively constant but slightly contracting
in buoyant coflow flames [22]. Variables with a carat on top represent characteristic values of the
various variables appropriately adjusted with b to match the initial conditions and integrated
source terms. Note that α in the area-integrated enthalpy equation is the absorption coefficient in
units of 1/m, and the source terms (ω̇) are per unit volume.

Equation 2.9 shows how the flow momentum increased due to entrainment of the coflow and
more significantly due to buoyant acceleration. The buoyant acceleration can be used to estimate
the characteristic vertical velocity, û, as

û =
√

u2
0 +ay where a =

1
ρ∞b2

∫
∞

0
(ρ∞−ρ)grdr, (2.14)

with a being the bulk vertical acceleration of the flow in the flame. Roper demonstrated that the
flame height, H, scales with the volumetric flow rate divided by the diffusivity, H ∝ V̇/D where
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V̇ = uod2
0 is the volumetric flow rate [22]. In this report, we introduce η = yD/V̇ as a

dimensionless axial coordinate. Santoro et al. found that flame heights for ethylene flames are
approximately η = 0.36 so that the flame height is H = 0.36V̇/D [24]. The time for the flow to
reach H, the flow residence time, is

tres =
∫ H

0

dy√
u2

0 +ay
=

2
a

√
u2

0 +0.36aV̇/D (2.15)

We will see that the buoyant acceleration is much greater than the initial momentum so that the
total flame residence time can be estimated to be tres ≈

√
4×0.36V̇/(aD). For a given distance

represented in terms of x or η the residence time is approximately

tres ≈
√

4y
a

=

√
4ηV̇
aD

(2.16)

Neglecting the variation in the buoyant acceleration and the diffusivity across different flame
cases, the residence time is proportional to the square root of the volumetric flow rate. Because
soot formation and radiative losses are both slow relative to the fuel air mixing that determines the
residence time, flames with greater residence times will undergo greater soot formation and
greater radiative losses; these are flames with larger volumetric flow rates. This fact is important
in interpreting the behavior of the various flames studied in this report.
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3. RESULTS AND ANALYSIS

Simulations were conducted on the non-sooting and sooting flames for both 2-D axi-symmetric
and 3-D domains. This chapter presents a characteristic set of predictions and proceeds to
comparisons of simulations and experimental measurements, focusing on the 2-D axi-symmetric
domain. Model verification is conducted with the 3-D simulations. Additional in-depth analysis is
conducted through examination of various integral quantities to understand the soot model
predictions, and a thermophoretic soot transport model is presented in an effort to improve the
predictive capabilities of the simulations.

3.1. Results

Figure 3-1 provides contour plots of the temperature and velocity fields for the flame referred to
as S in Table 2-1. This flame is one where soot is observed to be emitted from the tip of the flame;
it is above the laminar smoke point [18]. The high temperature region closes gradually at a height
of 80 to 100 mm (roughly eight to ten jet diameters) while the axial velocity gradually increases
due to buoyancy. With the acceleration of the vertical flow, streamlines converge slightly so that
radial spreading is minimal even with the effects of viscosity and diffusivity. This is characteristic
of streamlines predicted by early analyses of coflow diffusion flames such as those of Roper [22].
These contours show that the highest temperature regions near the flame tip have cooled
somewhat relative to the annular flame temperatures in the first half of the flame height. This
cooling will be associated with radiative emissions as discussed below.

Figure 3-2 shows contours of the soot mass fraction and its source terms with overlaid streamlines
according to predictions. Soot exists in a thin layer on the fuel-rich side of the highest
temperature (stoichiometric) regions. For this flame above the smoke point, a trail of soot is
observed to be emitted from the flame in a narrow annulus at the flame tip.

Soot source terms in Figure 3-2 show the predominance of a positive soot source up to
approximately 45 mm, or nearly half of the temperature-based flame height. Above this the
overall source terms are negative and soot oxidation is dominant. In the lower portion of this
flame the convergence of the streamlines with buoyant acceleration together with the outward
diffusion of the fuel cause produced soot to be advected away from the highest temperature
regions making oxidation difficult. In the upper half of the flame the direction of flame diffusion
shifts as the centerline fuel is diluted by products so the flame diffuses toward the soot layer,
leading to this shift in oxidation. However, for this S flame, the magnitude of soot concentrations
is greater than can be oxidized and the soot is emitted as noted above.
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Figure 3-1. Temperature (left) and axial velocity (right) centered around the flame for
the 2-D sooting (S) flame.
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Figure 3-2. Soot mass fraction (left) and soot mass fraction source (right) centered
around the flame for the 2-D sooting (S) flame with overlaid stream lines.

3.1.1. 2-D Simulation Validation

The non-sooting case from Santoro et al., Flame NS in Table 2-1, has the largest breadth of data
of the range of flow conditions presented and serves as a starting point for comparisons with the
simulations [23, 24]. Figure 3-3 shows the axial and radial components of the velocity at a range
of elevations versus radial distance from the center of the burner. In general, the predicted axial
velocities increase with elevation, following the experiments, with a tendency towards
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over-prediction. This acceleration is in agreement with the analysis leading to Eq. 2.14. The
largest differences between the predictions and measurements can be seen in the wings of the
flame at the lowest elevations (3 mm and 5 mm), while the corresponding peak radial velocities at
these elevations are under-predicted. We note that slight asymmetry is present in the experimental
flow measurements at the highest elevations.

The overall over-prediction of the buoyant acceleration here might be associated with limitations
of the flamelet approach in separating out the soot and mixture fraction. The soot contribution to
the density is not included in these simulations as currently implemented. The soot contributions
to the enthalpy are also not currently included in determining the gas temperature, and represent
another small source of model error that might lead to errors in the buoyant acceleration.
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Figure 3-3. Axial (left) and radial (right) velocity comparisons for the non-sooting (NS)
case between 2-D simulations (dashes) and experiments (dots) [24].

Temperature comparisons for the non-sooting Flame NS case are shown in Figure 3-4. It is
important to note once more that the experimental measurements should be interpreted
qualitatively due to the difficulty of correcting thermocouple data in sooting flames. Along the
burner centerline, the rate at which the temperature increases with elevation is comparable
between simulations and experiments. Similar to the velocity predictions, the largest difference in
the temperature evolution occurs in the wings of the flame closest to the burner outlet. In the
experiments, the peak temperature increases between measurements at 3 mm and 20 mm whereas
the predicted temperatures start high at 3 mm and decrease slightly by 20 mm. These
observations corroborate the over-prediction of the axial velocity in the wings at low elevations as
higher temperatures generate larger buoyant forces, driving an increase in axial velocity.

The soot volume fraction profiles and the area-integrated soot volume fraction at several
elevations from Flame NS are shown in Figure 3-5 for the low flow rate, non-sooting case.
Several notable observations can be made from the soot volume fraction profile comparisons in
Figure 3-5 (left). At the two higher elevations (50 mm and 82 mm), there is a large
under-prediction of soot in the center of the flame. The authors expect that the centerline soot
production relies more strongly on larger polycyclic aromatic hydrocarbon molecules that are not
included in this present model. The present model relies on acetylene and sufficiently high
temperatures for soot production. In the annular region of the flame, peak soot volume fraction
predictions are of the same order of magnitude as the measurements with a wider region of
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Figure 3-4. Temperature comparisons for the non-sooting (NS) case between 2-D sim-
ulations (dashes) and experiments (dots).

predicted soot production at the 15 mm elevation, indicating that soot production is beginning
sooner in the simulations than in the experiments. Examining the integrated soot volume fraction
versus a non-dimensional height, η, confirms this observation. (An alternative explanation is that
early soot formation is not optically accessible because it has not carbonized [9]. Note that η is
defined as yD/V̇ , where y is the elevation above the burner, D is the diffusion coefficient (0.156
cm2/s), and V̇ is the volumetric fuel flow rate.
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Figure 3-5. Comparison of soot volume fraction at several heights (left) and integrated
soot volume fraction versus non-dimensional height, η, (right) for the non-sooting
(NS) case between 2-D simulations (dashes) and experiments (dots).

The maximum integrated soot volume fraction production for Flame NS (Fig. 3-5 right) are of the
correct magnitude, but the maximum occurs earlier in the simulations than in the experiments.
This flame is referred to as the non-sooting case based on experimental observations of soot being
consumed below detectable levels in the upper region of the flame, but this sharp drop-off around
η≈ 0.3 is not seen in the simulations.

Full temperature and velocity profiles were not presented in the literature for the sooting case,
Flame S in Table 2-1. This flame is one where soot is observed to be emitted from the tip of the
flame; it is above the laminar smoke point [18]. Similar to the non-sooting case, predictions of the
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peak annular soot volume fraction in the sooting case are on the same order as the measurements
as seen in Figure 3-6 (left). The centerline soot volume fraction is under-predicted at each height.
Despite these differences, the integrated soot volume fraction exiting the top of the flame aligns
with the measurements (Fig. 3-6 right). Based on the integrated soot volume fraction results, it is
hypothesized that production and consumption rates peak earlier (at lower elevations) in the
simulations than in the experiments.
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Figure 3-6. Comparison of soot volume fraction at several heights (left) and integrated
soot volume fraction versus non-dimensional height, η, (right) for the sooting (S) case
between 2-D simulations (dashes) and experiments (dots).

3.1.2. 2-D Versus 3-D Comparisons

Because the majority of simulations are conducted in the fast-running 2-D axi-symmetric
configuration, comparisons between several quantities of interest were made between the 2-D
axi-symmetric and 3-D simulations depicted in Figure 2-1. The mesh resolution differs and is
coarser by a factor of two for the 3-D simulation compared to the 2-D axi-symmetric simulation;
the minimum resolution at the fuel inlet is r f /10 for the 3-D simulation and r f /20 for the 2-D
simulation where r f is the fuel inlet radius. The radial temperature profiles for both flow
conditions are shown in Figure 3-7. Overall, good agreement can be seen between the 2-D and
3-D simulations for both flow conditions with the largest differences occurring along the
centerline. At low elevations, the 2-D centerline temperature predictions are higher than the 3-D
predictions, probably because reduced resolution will tend to broaden the profiles where the
diffusion is poorly resolved, and predictions from both geometries begin to converge above an
elevation of 2 cm. The centerline temperatures in the sooting case are lower than the non-sooting
case due to the higher fuel flow rate in the sooting case.

The axial and radial velocities converge between the two geometries with increasing height as
seen in Figure 3-8. Similar to the temperature predictions, the largest velocity differences are
observed closest to the burner outlet where the 3-D simulation is not as well resolved. At the 3
mm and 5 mm elevations, the peak radial and axial velocities are higher in the 2-D simulations
than in 3-D for both flow conditions, and this trend holds for both NS (Fig. 3-8) and S (not
shown) flow conditions.
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Figure 3-7. Comparison of temperature at several heights between 2-D axi-symmetric
(dashed lines) and 3-D (dotted lines) simulations for the NS case (left) and S case
(right).

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Distance (mm)

0.0

0.5

1.0

1.5

2.0

2.5

Ax
ia

l V
el

oc
ity

 (m
/s

)

Sim. 2D 3 mm
Sim. 2D 5 mm
Sim. 2D 10 mm
Sim. 2D 20 mm
Sim. 2D 40 mm
Sim. 2D 70 mm
Sim. 2D 130 mm
Sim. 3D 3 mm
Sim. 3D 5 mm
Sim. 3D 10 mm
Sim. 3D 20 mm
Sim. 3D 40 mm
Sim. 3D 70 mm
Sim. 3D 130 mm

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Distance (mm)

0.20

0.15

0.10

0.05

0.00

Ra
di

al
 V

el
oc

ity
 (m

/s
)

Sim. 2D 3 mm
Sim. 2D 5 mm
Sim. 2D 10 mm
Sim. 2D 20 mm
Sim. 2D 40 mm
Sim. 2D 70 mm
Sim. 2D 130 mm
Sim. 3D 3 mm
Sim. 3D 5 mm
Sim. 3D 10 mm
Sim. 3D 20 mm
Sim. 3D 40 mm
Sim. 3D 70 mm
Sim. 3D 130 mm

Figure 3-8. Comparison of axial velocity (left) and radial velocity (right) at several
heights between 2-D axi-symmetric (dashed lines) and 3-D (dotted lines) simulations
for the NS case.

The soot volume fraction and integrated soot volume fraction for both flow conditions and
geometries are shown in Figures 3-9 and 3-10. In general, the peak soot volume fractions in the
3-D cases are lower than the 2-D cases, while the profiles are wider in the 3-D simulations due to
the coarser mesh (Fig. 3-9). The result is a higher integrated soot volume fraction in the 3-D
simulations at low elevations. However, as seen with the other quantities of interest (temperature
and velocity), small differences between geometries at low elevations have little effect on the
values at higher elevations, and this holds for the total soot production in both flow conditions as
seen in Figure 3-10.

The overall results here suggest that the additional resolution that can be applied in the 2-D
simulations generally enhances the numerical accuracy. This seems to have only a small effect on
the primary quantities of interest that are the overall soot production and subsequent enthalpy
evolution.
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Figure 3-9. Comparison of soot volume fraction at several heights between 2-D axi-
symmetric (dashed lines) and 3-D (dotted lines) simulations for the NS case (left) and
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tween 2-D axi-symmetric (dashed lines) and 3-D (dotted lines) simulations for the
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3.2. Analysis and Discussion

3.2.1. Source Term Comparisons

While the profiles presented in the previous subsections provide detailed results, in order to
identify trends over a range of flame conditions, it is helpful to look at integral quantities. To
identify appropriate integral quantities, we look at the vertical evolution of the various scalar
conservation equations in an area-integrated form as presented in Section 2.5. The area-integrated
conservation equations describe the evolution of the vertical flux that differs slightly from the
area-integrated soot volume fraction in Figures 3-5, 3-6 and 3-10; those describe the direct
area-integrated volume fraction rather than the flux that is described by the conservation
equation.

The area-integrated conservation equations generally simplify to

d
dy

∫
∞

0
πρuφrdr =

∫
∞

0
πṠrdr (3.1)

where φ is the scalar of interest and Ṡ is the corresponding source term of interest. This describes
the change in the flux of φ. The units for this evolution when φ is like a mass fraction would be
kg/m/s while the flux would have units like kg/s. Similarly if φ is like an enthalpy, the units of the
equation are J/s/m while the flux that is changing is in J/s or W. Conservation of mass and energy
provides some overall scale by which we can estimate the magnitude of the different
area-integrated evolution terms. For example, the overall flux of mixture fraction plus soot is
conserved letting us assess the fraction of total fuel carbon associated with the soot by looking at
the ratio of fluxes from Eq. 2.13 and Eq. 2.11. Also, there is a total enthalpy flux with the fuel
mass flow rate that gives the (potential) thermal power of the flame; observing the change in this
total that can be used to assess radiative loss magnitudes as a fraction of the total heat release.

Figure 3-11 compares the evolution of the two cases described above, NS and S, along with two
cases with lower fuel flow rates. Relative to the NS fuel flow rate, the lower rates are reduced by a
factor of two and an order of magnitude, indicated here and in the following figures as NS/2 and
NS/10, respectively. Note that all analysis in this section was conducted using the 2-D
axi-symmetric simulation domain. These flames are shorter by virtue of their lower fuel flow
rates; recall flame heights are H = 0.36V̇/D [24]. For the lowest flow rate, the flame is not
elongated as depicted in Figures 3-1 and 3-2, but is conical in shape. At these low flow rates the
Peclet number is small enough that elliptic terms become important, and upstream diffusion is
important. These NS/10 flames have different overall characteristics in terms of the flow field, but
are a representative scenario for a low soot limit because the residence times are very short with
minimal soot production and minimal radiative losses.

The top panel of Figure 3-11 shows the area-integrated soot volume fraction as presented
previously for flames NS and S plotted versus the non-dimensional height (η). The bottom-left
panel shows the area-integrated soot flux, the term being differentiated in the axial direction from
the left-hand side of Eq. 2.13 and the bottom-right panel depicts the source terms from the
right-hand side of Eq. 2.13. In Figure 3-5 it was observed that the soot oxidation at the flame tip
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did not fall off as rapidly as measured in the non-sooting case. Here in Figure 3-11 it is seen that
the soot profiles do not change dramatically for these various NS simulations in the same manner
that they do with the experiments.

One possible reason for slower soot oxidation is greater radiative losses, but as will be seen
below, the radiative losses for NS/2 and NS/10 are not large enough to substantially alter OH
oxidation. These more dramatic changes in the flame temperature do result in slightly stronger
oxidation for the NS/2 and NS/10 cases, but Figure 3-5 shows a sudden order of magnitude
reduction in the measured soot when reducing the flow rate slightly from S to NS. This suggests
that the model oxidation rate is in disagreement with the measurements [23, 24] and under
predicts the oxidation rates.
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Figure 3-11. Comparison of integrated soot volume fraction (top), integrated soot
mass flux (left), and integrated soot mass fraction source (right) versus η between
four fuel flow rates: NS/10, NS/2, NS, and S.

To put the integrated soot flux into perspective, it can be normalized by the quantity on the
left-hand side of Eq. 2.11 that is the total fuel-mixture flux, a conserved quantity. This quantity is
referred to as the soot fraction and is plotted for the four cases in Figure 3-12. The soot fraction of
the fuel mass is as high as 15% for the sooting flame, but above the flame tip the soot fraction
drops toward 6% and below. While these are reasonable values for the barely sooting flame S, the
soot fractions for NS, NS/2 and NS/10 have asymptotic soot fraction magnitudes from 5% to 2%.
The normalization by overall fuel flux is an order of magnitude smaller for NS/10 relative to NS,
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so even the small quantity of soot in that flame is not negligible. These small flames should emit
no soot, reinforcing the deficiencies of the soot oxidation models.
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Figure 3-12. Soot fraction versus η between four fuel flow rates: NS/10, NS/2, NS, and S.

Soot production and oxidation are sensitive to radiative heat losses. In Figure 3-13 quantities
associated with area-integrated enthalpy evolution as in Eq. 2.12 are plotted. In the left panel, the
difference between the left-hand side of Eq. 2.12 and the left-hand side of Eq. 2.11 times the heat
of formation of ethylene are used to indicate the heat lost due to radiation. The right-hand panel
shows the radiative emission source term on the right-hand side of Eq. 2.12. While the emission is
not the complete right-hand side term, these flames are optically thin and absorption is small;
absorption is included in the heat-loss plot on the left side.
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Figure 3-13. Comparison of integrated heat loss (left) and the integrated radiation
source (right) versus η between four fuel flow rates: NS/10, NS/2, NS, and S.

To appropriately normalize the heat loss, we divide the integrated heat loss by the total heat of
combustion (50 MJ/kg C2H4) times the fuel flow rate. This is referred to as the radiant fraction
and is plotted in Figure 3-14. Radiative heat losses are greater with greater soot concentrations,
but for small flames the relatively slow nature of radiative heat losses can amplify that effect. The
radiant fractions range from approximately 15–35% and increase with fuel flow rate and with the
soot fraction. For flames with radiative losses on the order of 30% or greater, the main flame

27



chemistry will weaken and lead to substantial reductions in soot oxidation rates. Radiation
cooling does influence the oxidation rates here, but the similar incomplete oxidation from NS/2
and NS/10 suggests poor predictions are associated with the soot oxidation approach employed
here.
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Figure 3-14. Radiant fraction versus η between four fuel flow rates: NS/10, NS/2, NS, and S.

In Figures 3-15 and 3-16, the separated contributions to the various source terms are plotted for
the range of flames considered here to better interpret the observations. Of the two soot oxidation
pathways in this model, Figure 3-15 shows that the OH soot oxidation pathway is the dominant
pathway by at least an order of magnitude. The smallest NS/10 flame does show greater
contributions from the O2 soot oxidation reaction that might arise because this flame has small
radiative losses as seen in Figure 3-14. The O2 oxidation reaction has the largest activation energy
in the soot chemistry and is the most temperature sensitive.
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Figure 3-15. Comparison of integrated O2 oxidation source (left) and OH oxidation
source (right) versus η between four fuel flow rates: NS/10, NS/2, NS, and S.

Figure 3-16 shows the contributions of the nucleation model and the surface growth model to the
soot production. It is clear that the current nucleation model has a very small contribution to the
overall mass of soot produced. These plots also show that the soot production is heavily focused
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on the first half of the flame, before η = 0.2. Apparently, although the flame height is η = 0.36,
the top half of the flame has very little acetylene needed for soot production and is limited to
oxidation. Since the OH soot oxidation terms begin to ramp up from the base of the flame, the
bottom half of the flame is an environment where both soot production and oxidation are
occurring, but soot production is greater up to the point where the sign of the bottom-right
integrated soot source in Figure 3-11 switches to negative, generally around η≈ 0.13 with the
exception of the NS/10 case that switches earlier around η≈ 0.08.
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Figure 3-16. Comparison of integrated nucleation source (left) and surface growth
source (right) versus η between four fuel flow rates: NS/10, NS/2, NS, and S.

3.2.2. Radial and Centerline Comparisons

For reference, radial profiles of the scalar dissipation rate at two heights are shown in Figure 3-17
for the flames considered here. The two heights are associated with the maximum overall soot
production rate and the overall maximum soot oxidation rates. The scalar dissipation rate is
relevant to identifying how fast the fuel-air mixing is occurring, and this affects the fraction of
carbon conversion to soot. Higher scalar dissipation rates associated with smaller flames lead to
smaller fractions of soot conversion, but all of these scalar dissipation rates are on the order of 0.1
s−1, which is fairly small and in a region where soot production is not going to be strongly limited
by the fuel-air mixing rate.

Radial and centerline temperature profiles are shown in Figure 3-18 for the range of fuel flow
rates. Temperatures along the centerline increase as flow rate decreases due to lower radiative
losses at the lowest flow rates as seen in Figures 3-13 and 3-14. These tempearture differences
arise because of reduced residence time for soot formation reducing radiative cooling. The
difference in the maximum annular temperature between flow rates is less pronounced at lower
elevations in the flow after soot production has peaked (η≈ 0.12).

The soot particle diameter at two heights and along the centerline is displayed in Figure 3-19. The
behavior of the particle diameter at the lowest fuel flow rate (NS/10) differs from the three higher
flow rate cases. The largest particles are found in the center of the NS/10 flame while the particle
size peaks in the annular region of the three larger flames. Analysis from Santoro et al. [23] found
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Figure 3-17. Scalar dissipation rate at select heights (η) versus radial distance for
four fuel flow rates: NS/10, NS/2, NS, and S.
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Figure 3-18. Temperature at select heights (η) versus radial distance (left) and along
the centerline (right) for four fuel flow rates: NS/10, NS/2, NS, and S.

peak particle sizes on the order of 100 nm in the annular region of NS and S flames. The
centerline particle diameter grows beyond the tip of the flame (η≈ 0.36) in the higher flow rates
due to coagulation.
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Figure 3-19. Soot particle diameter at select heights (η) versus radial distance (left)
and along the centerline (right) for four fuel flow rates: NS/10, NS/2, NS, and S.
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3.2.3. Thermophoretic soot transport

The predictions developed in the previous sections neglected the thermophoretic contributions to
soot transport that are expected to be significant in these laminar flames. A thermophoretic
velocity was implemented in Fuego to improve soot transport in the vicinity of the flame sheet.
The thermophoretic velocity in direction i (Vt,i) is modeled as

Vt,i =−0.554
µ
ρ

∂

∂xi
(ln(T )) (3.2)

where µ is the gas viscosity, ρ is the mixture density, and T is the local temperature. This term
acts to drive soot down the temperature gradient and away from the flame. The resulting
thermophoretic velocity, as shown in Figure 3-20 (right), peaks at approximately 10-20% of the
maximum radial velocity, assisting the negative radial velocity (Fig. 3-3 right) in shifting the peak
soot volume fraction towards the centerline of the flame.
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Figure 3-20. Comparison of integrated soot volume fraction at several heights (left)
with (dotted lines) and without (dashed lines) thermophoretic velocity enabled for the
NS case. Radial component of the thermophoretic velocity at several heights (right).

A small decrease in total soot production over the baseline 2-D model can be seen in the
integrated soot volume fraction of the non-sooting simulations (Fig. 3-20 left). An examination of
the integrated soot source flux (Fig. 3-21) reveals a decrease in soot production, primarily driven
by the soot surface growth source term. More detailed radial profiles are shown in Figures 3-22
and 3-23. With the inclusion of the thermophoretic velocity, the peak soot concentration near the
flame sheet decreases and shifts closer to the centerline as the thermophoretic forces drive soot
away from the flame sheet. This reduces the surface area available for soot growth, reducing the
soot production rate. Thermophoretic transport of the soot away from the highest temperature
regions also reduces the radiative losses somewhat as shown in Figure 3-23, which should allow
more complete oxidation. However, consumption of the thermophoretically shifted soot particles
as they are buoyantly driven towards the top of the flame (around η = 0.35) is not sufficient to
capture the non-sooting behavior observed in the experiments.
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Figure 3-21. Comparison of integrated soot mass fraction source versus η between
the base model (solid lines) and thermophoretic (TP) velocity model (dashed lines)
for both NS and S flow conditions.
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Figure 3-22. Soot volume fraction for the 2-D NS (left) and S (right) flames comparing
the base model (solid lines) and thermophoretic (TP) velocity model (dashed lines).
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Figure 3-23. Heat loss profiles at several heights for the 2-D NS (left) and S (right)
flames comparing the base model (solid lines) and thermophoretic (TP) velocity
model (dashed lines).
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4. SUMMARY AND CONCLUSION

This report details an assessment of flamelet-based soot models implemented into Fuego through
a mixture-fraction based laminar-flamelet model. The model is based on literature source terms
that have been developed empirically based on similar measurements and successfully applied for
a number of flame simulations. Comparisons of predictions with the velocity and temperature
measurements show reasonably good agreement. Soot predictions are also relatively good
considering the challenges associated with soot predictions in general, but the simplifications with
the current modeling framework do not permit an adequate prediction of the centerline soot,
which is under predicted in this approach. This is largely associated with the reliance of this
production model on acetylene at higher temperatures; it is expected that the centerline soot
depends more strongly on larger polycyclic aromatic hydrocarbons.

Coflow flames and diffusion flames in general can be separated into sooting and non-sooting. For
fuel flow rates below some critical smoke-point value the flames are observed to not emit soot,
while for fuel flow rates above the critical value soot emissions are observed. The present model
for soot oxidation does not predict the sharp transition that has been experimentally observed
between sooting and non-sooting flames. For non-sooting conditions, even down to very small
flames that should emit no soot at all, soot oxidation at the flame tip seems to be substantially
under predicted. This appears to be the greatest discrepancy with the current soot model. The
current study is unable to quantify the significance of this for large-scale fire predictions.

Thermophoresis is known to be non-negligible in laminar flames and thermophoretic forcing was
added to Fuego and assessed as a part of this study. While the thermophoretic forcing does
modestly alter soot production and has a slightly larger influence on the radiative losses, these
effects do not markedly influence the predictions or the transition from sooting to non-sooting. In
addition to thermophoresis, the effect of 2-D versus 3-D configurations was investigated with the
conclusion that the added resolution possible in 2D does slightly improve the predictions in the
regions of the highest gradients near the flame base.

The current results suggest that for moderately high sooting levels associated with the transition
to sooting, the predictions are reasonable, but for those conditions where soot is expected to be
consumed, soot would be emitted in greater quantities in predictions than in reality. This could
result in greater smoke shielding of objects low in the fire or in fires with faster mixing (i.e.
wind-driven fires).
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