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This study addresses predicting the internal thermochemical state in buoyant fire plumes using large-
eddy simulations (LES) with a tabular flamelet library for the underlying flame chemistry. Buoyant fire
plumes are characterized by moderate turbulent mixing, soot growth and oxidation and radiation trans-
port. Soot moments, mixture fraction and enthalpy evolve in the LES with soot source terms given by
the non-adiabatic flamelet library. Participating media radiation transport is predicted using the discrete
ordinates method with source terms also from the flamelet library, and the LES subgrid-scale model-
ing is based on a one-equation kinetic-energy sub-filter model. This library is generated with flamelet
states that include unsteady heat loss through extinction nominally representing radiative quenching.
We describe the performance of this model both in the context of a laminar coflow configuration where
extensive measurements are available and in buoyant turbulent fire plumes where measurements are
more global.

1 Introduction

Soot is known to evolve slowly relative to most of the main combustion chemistry [1] so that quasi-
steady assumptions, as typical in flamelet modeling, for example, are not generally accurate for
predicting soot volume fractions. However, those components of the soot source terms that depend
on the main flame chemistry have been expressed using flamelet libraries with some success [2, 3].
This led to a series of two-equation soot models being developed on a semi-empirical basis [4, 5, 6],
which were applied to both Reynolds-averaged Navier-Stokes (RANS) and LES [2, 3, 7, 8, 9, 10,
11].

Since soot evolution is sensitive to the temperature, the accurate prediction of the flame tempera-
ture is required. Typically, radiative heat losses are introduced as an additional parameter for the
flamelet model when a sooting flame is modeled [8, 12]. With heat losses, solutions above the
middle branch of the so-called S-curve can exist as quasi-steady state solutions, but these retain
the characteristics of burning flames. In strongly radiating flames, heat losses may significantly
weaken a flame so that soot oxidation is inhibited, leading to smoke emissions. In the present
work, which focuses on strongly sooting and radiating flames, the heat loss is incorporated into
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an unsteady flamelet evolution that allows a flame state to be described below the S-curve middle
branch and down to arbitrary temperatures suitable also for heat transfer to cool surfaces, for ex-
ample. Within the RANS or LES simulation, an enthalpy transport equation that accounts for the
radiative and wall heat losses is solved with the resulting enthalpy being one independent variable
for the flamelet state.

In the present work, we couple the non-adiabatic flamelet with a discrete-ordinate based radiation
model for an accurate description of an interaction between radiation and soot fields. The model is
tested on a laminar jet and a buoyant-driven fire plume.

2 Soot-Radiation Modeling

Simulations of the flow field for both laminar and turbulent flows are conducted using Fuego, an
unstructured low-Mach number turbulent combustion code that is a component of Sandia National
Laboratories” SIERRA thermal-fluids code suite [13]. Within Fuego several RANS and LES tur-
bulent models are available as are combustion models based on both flamelet concepts and the
eddy-dissipation concept. For the present study, we will employ either a laminar flow assumption
or use the k-SGS model for LES [14, 15] while the main flame chemistry (hydrocarbon fuel oxi-
dation to final products except soot) is modeled using the flamelet concept coupled with evolved
variables that represent soot. For the sake of brevity, the basic filtered Navier-Stokes equations
are not presented here. For the same reason, filtering notation is omitted in many equations in the
following sections. In addition to the soot evolution described in the next subsection, equations for
the Favre-filtered mixture fraction, A , and enthalpy, H , evolve with the Navier-Stokes equations
under the selected filtering process.

We note that we do not solve a progress variable in the sense that describes the overall chemical-
energy release as is done in some approaches to flamelet modeling for high dissipation-rate flames
subject to local extinction [16, 17]. For the present low dissipation-rate scenarios, the radiative heat
loss drives the change in the flame state and the enthalpy is the more appropriate progress variable
for the main flame chemistry. This is discussed further in the sections that present simulation
results. The soot evolution described below does follow the same general approach as progress-
variable approaches [8, 12] with source terms derived from the non-adiabatic flamelet library as
described throughout the paper.

The enthalpy equation has a source term associated with radiative heat transfer and the source term
is computed using another component of the SIERRA thermal-fluids code suite known as Syrinx
[13]. Syrinx solves the radiative transfer equation in the grey-gas limit with angular discretization
using the discrete ordinates model; here, at least 72 directions are solved to determine radiative
fluxes.

OpH

—5 +V (pul) =V (pDVH) — (4acT* — aG) (D

The last two terms are associated with the emission and absorption of radiant flux, respectively.
o is the Stefan Boltzmann constant, and a is the absorption coefficient, which depends on species
composition and amount of the soot. GG is the spherically integrated flux of all participating ordi-
nates G = [ I(s)dS2, where I(s) is the radiation intensity along the direction s. The Boltzmann
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radiative transport equation is solved to determine the intensity along each direction s
s-VI(s)+al(s)=e (2)

where s is in the unit vector length and e is the radiative emission. a and e are separated into the
gas-phase and soot contributions such that a = ag4s + Ago0r aNd € = €445 + €500t. Agas 18 cOmputed
using curve fits to the results of RADCAL for the gas-phase species CO, CO,, H,O and CHy
[18, 19]. Soot absorption is modeled as follow [20].

500t = (—375000 + 1735T)pM / psoor 3)

As will be further discussed in Sec. 2.1, pM is the soot mass concentration and psoor is the density
of the soot particle. Radiative emission terms are egqs = agaSaT4 /mand egp0r = Asoot0 T4 /7. These
absorption coefficients and radiative emission terms terms are precomputed using the non-adiabatic
flamelet library. Soot contributions are stored per soot mass concentration.

For heavily sooting fires the fraction of the mixture fraction that becomes associated with the soot
is significant, and in the current work the mixture fraction is to be associated with the gas phase. In
this case, a source term is required for the mixture fraction phase which is the opposite of the soot
mass density source term given in the next section, or the right hand side of Eq. 5 sans the viscous
term. We currently assume that the interconversion between mixture fraction and soot does not
alter the enthalpy content.

In addition to the source terms indicated above and described below, the non-adiabatic flamelet
library provides the density, temperature, specific heat and viscosity as a function of the input
variables. The full vector of input variables employed is described in detail in Sec. 2.2

2.1 Soot evolution equations

For the present demonstration we use a two-equation soot model, transporting both the number
density (p/V) of soot and the mass concentration (p/), to describe the development of soot.

dpN

—+v-(puN):v-< &

Scsoot

5 VN) + (Nucl.) — (Coag.) 4)

cpid +V-(puM)=V"- < k VM) + W,(Nucl.) + [(Surf.) — (Oxid.)] A ®)
ot St

To use the established universal transport equation solver in Fuego, we define N and M so that
density weighted parameters are the soot number density and mass concentration. That is, M is
the soot mass fraction and N is the soot number per mass mixture (carried in kmol/kg unit for
numerical accuracy). The soot Schmidt number Scg,; is set to be large enough that soot fields
are non-dissipative in laminar flow; this is not true in turbulent flows where the standard turbulent
Schmidt number is employed, Sc; = 0.9.

The source terms refer to the nucleation, coagulation, surface growth, and oxidation processes and
are modeled according to the parameters given by [3, 6, 21]. The oxidation terms include both
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oxygen and OH contributions. W, = 144 kg/kmol in Eq. 5 is the molecular weight of a soot

nucleate.
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N, is the Avogadro’s number, R is the universal gas constant, soot density psoor = 1800 kg/m?,
and X is the mole fraction. Using a spherical particle assumption, the averaged particle diameter

d, is
60M 1/3
d, = ——— (10)
b <7T N ,OSOOT>
and the total surface area A is
A = pNnd;, (11)

The soot equations evolve with the source terms, absent the dependence on /N and M, tabulated
through the non-adiabatic flamelet library described below.

2.2 Flamelet library structure

In the flamelet model approach, required variables such as temperature, density, and source terms
for radiation and soot are obtained using a mapping between the slowly evolving variables that are
evolved with the fluid flow and the fast-evolving variables that are precomputed using the approach
given in the next section. For a laminar flamelet with strong radiative losses, the slowly evolving
variables are the filtered mixture fraction and enthalpy, Z and H. In addition, the library variables
depend on the local mixing rate; the scalar dissipation rate, , the rate of molecular dissipation of
the mixture fraction, provides this mixing rate.

Finally, fo/r\glrbulent flows where the mixture fraction is not well resolved, the mixture fraction
variance, 2”2, is an input to the library. A presumed probability density function (PDF) approach
using either a clipped-Gaussian-PDF or beta-PDF is used, and all output variables are convolved
over the given PDF, which is a function of Z and Z72. This integration accounts for the so-called
turbulence-chemistry interaction and turbulence-radiation interaction under the assumption that the
chemical sources and radiative sources are strongly correlated with the mixture fraction. However,
because we use values for N and M from the evolution equations in the soot source terms, the
interactions in the fluctuations of N and M with the fluctuations in the reaction rate coefficients
are ignored.

Nominally, the enthalpy and scalar dissipation rate are also subject to convolution over a PDF in
those directions, but the assumption is made that a delta function PDF can be employed and that
the conditional dependence on the mixture fraction is exactly that given by the flamelet equations.

4
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For the enthalpy, this can be justified by the more rapid variation of most terms in the mixture
fraction direction and the initial correlation of the enthalpy with the mixture fraction. For the scalar
dissipation rate the justification is different: far from extinction the dependence on the dissipation
rate is not large and the variation of the dissipation rate in time is fast relative to the rate of the
flamelet response to that variation so a quasi-steady structure is assumed with dissipation rate
fluctuations about .

We note that the library is constructed using an enthalpy deficit, v, defined as the difference be-
tween the enthalpy and the adiabatic enthalpy, H,,(Z); the latter is initially linear in Z in the unity
Lewis number approximation

Hyy=H(0)+ [H(1)—H(0)]Z and  Hyy=H()+[H1)—-H0)]Z (12)

so that

y=H—Hy and A=H—Hy (13)
where H and H are the variables evolved by the laminar flow/flamelet equations and the turbulent
filtered conservation equations, respectively, and v and 7 are the laminar and turbulent flamelet
library dependent variables. While the adiabatic enthalpy represents simple mixing between the
fuel and oxidizer enthalpy states, it can differ slightly from the mixture fraction because we include
a mixture fraction source term associated with the soot mass and neglect this contribution to the
enthalpy.

2.3 Non-adiabatic flamelet generation

The generic flamelet equation for scalar ¢ with source term w is written

0¢ x99 _ .
ot 207

Of interest here is the treatment of the non-adiabatic contribution to the energy equation. As
noted in the Introduction, for flame states above the S-curve middle branch, it is possible to gen-
erate a steady-state flamelet with heat losses, and this approach has been employed before [8, 12].
However, in fires, radiative heat losses can lead to lower temperatures and interactions with cold
surfaces can lead to local temperatures very near ambient.

(14)

While the temperature equation is actually the equation solved for the energy in the flamelet, it is
easier to express the nonadiabatic evolution using the enthalpy which is the variable transported by
Fuego. The flamelet enthalpy equation is written

0H i x 0*H
ot 2 07
where 7T, is the temperature of the surroundings, and the right-hand side source term is expressed
as a heat loss using a heat transfer coefficient, h(x, Tynae — Too). Here the heat loss is linear in
the temperature, though it could also be expressed using the fourth power of the temperature to

mimic radiant heat losses. For reasons detailed below, we recommend using a linear dependence
on temperature if the objective is to generate flamelets cooled to near ambient temperatures.

= h(X’Tmar) [T(H7 Z) - Too] (15)

5
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Before detailing the heat-loss source terms, we note some characteristics of Eq. 15. First, it is
desirable to have lower temperatures associated with reduced enthalpy. This is true only when the
chemical mixing of reactants occurs slower than the heat losses. While the flame is burning (above
the S-curve middle branch) the enthalpy of reactant mixing is converted to sensible enthalpy that is
subject to cooling, but once the flame is cooled to temperatures below the S-curve middle branch
mixing of reactants tends to increase the stoichiometric enthalpy. For the enthalpy to continue to
be reduced (OH /Ot < 0) it is necessary that the heat loss term be larger in magnitude than the
enthalpy dissipation term, (y/2) (0?H/dZ). This leads to two considerations:

e [t is necessary to have a larger heat loss when Y is larger in order to overcome the increased
magnitude of the dissipation term. This leads us to scale the heat loss coefficient by .

e It is desirable that the heat loss term not be appreciably slower for low temperatures to avoid
reactant mixing leading to increases in stoichiometric enthalpy. This has led us to adopt the

linear temperature dependence appearing in the right-hand side of Eq. 15, and also to scale
the heat loss by (1,00 — TOO)_l.

The final expression for the heat transfer coefficient is

h(X, Tnaz) = hoX (Tinaz — Too) ™ (16)

where h is a sufficiently large value to overcome the chemical heat release (proportional to x in
non-premixed combustion). It is certainly possible to consider other combinations, including a 7**
dependence, but the authors have found that this expression has nice properties.

2.4 Flamelet library construction

A flamelet library is generated using a modified version of the FlameMaster code [22] using a
two-stage generation process. The first stage consists of generating a set of steady-state flamelet
solutions (with Z € [0, 1]) over the range of boundary compositions, pressure and enthalpy that
are relevant and for the range of dissipation rates that are relevant. In the present case, the former
boundary conditions are air and ethene at ambient pressures and boundary temperatures, but multi-
ple mixture fractions and enthalpy ranges can be specified. The dissipation rates extend from near
extinction to low values below which there is little change in properties; xy = 0.01 s~ is typical. It
is effective to allow y to vary geometrically.

The second stage consists of a transient flame evolution from the full set of steady-state solutions
under strong heat loss conditions described above. The flamelet state is solved at the initial steady-
state condition and periodically during this transient evolution. For the current case, a state is
saved each time the stoichiometric enthalpy is reduced by approximately 2.5e4 kJ/kg until the
flame reaches the surrounding temperature.

The two-stage process is demonstratedin Fig. 1. The upper curve represents the locus of steady-
state solutions as a function of x along the upper S-curve branch. From every steady-state solution,
transient evolution leads to a sequence of flamelets at lower maximum flame temperatures until a
temperature around 7.,,+5 K. In this manner the heat-loss term described in the previous subsection

6
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Figure 1: The maximum flame temperatures associated with various individual flamelet files that
contribute to the flamelet library are shown. The top curve shows states associated with steady-
state flamelets and vertical trajectories show unsteady flamelet evolution. Only a subset of states
are shown: there are six logarithmically spaced states per decade of y and a state roughly every
2.5e4 kJ/kg for the stoichiometric point (=25 K change in 7},,4,.)-

allows the generation of a library that covers the full range from the upper branch to near the lower
frozen-mixing branch. Note, however, that this lowest temperature solution is not pure mixing
because that would have fuel and oxidizer giving an enthalpy equal to the adiabatic flame. This
lowest temperature state is rapidly cooled products with modest reactant mixing. Example enthalpy
and temperature profiles that result from one single initial x value are given in Fig. 2.

Observing the process also provides some insight into the evolution of rapidly cooled flames. In
Fig. 3 the stoichiometric enthalpy and maximum flame temperature are plotted as a function of
normalized time (using the stoichiometric x) during the cooling process. It is seen that the selected
heat transfer form yields enthalpy trajectories that are similar, but the temperature trajectories differ
due to the nature of the S-curve. The change in slope for the temperature trajectories is associated
with crossing below the S-curve middle branch whence chemical heat release becomes negligible.
Flames at lower y are initially hotter as expected, but this continues, and they are consistently
hotter for a fixed Hy,; this last behavior is associated with less reactant leakage for smaller .

2.5 Tabulation

As discussed above, in the the non-adiabatic flamelet library, thermochemical variables, soot
sources and radiation source terms are obtained as a function of Z , Z", X, and 4. Since soot
sources and radiation parameters are a complex function of temperature and species composition
(Egs. 3-5), pre-computing and storing a lookup table saves computational cost. In LES, the mixture
fraction variance which represents the subfilter distribution and the scalar dissipation is related to
the mixing efficiency, which are approximated as

0207
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Figure 2: Enthalpy and temperature profiles for a sequence of unsteady flamelet calculations start-
ing with an adiabatic state and cooling to near ambient temperatures, at Y = 0.01. Only a subset
of states are shown.
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Figure 3: The stoichiometric enthalpy and maximum flame temperature are plotted as a function of
normalized time (using the stoichiometric x) during the cooling process. From left to right, curves
correspond to x = 100, 10, 1, 0.1, 0.01 s~
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for which a dynamic procedure is involved to calculate the model coefficient C'y in the simulations
(23, 24].

X =2(D + Dy) (18)

To optimize the access speed and the structure of the library, the dependent variables are converted
largely to a structured form. The scalar dissipation is stored using its stoichiometric value, and Y is

converted to the stoichiometric value using a theoretical profile, x = x|z=o.5exp (—2 [erfc™? (2Z)]2>

This removes interpolation errors associated with an additional interpolation in scalar dissipation
dimension while tabulating the flamelets. The mixture fraction variance is non-dimensionalized
by the maximum possible variance at the given mixture fraction Z(1 — Z) with logarithmically
spaced values to provide better resolution at small variances typical of LES.

The library is generated over a broad range of the dependent variable space, but particularly in
the scalar-dissipation coordinate it is possible to exceed the values for which the the independent
variables were evaluated. In the case of extrapolation, the value at the end of the table in the given
direction is copied to further values in the extrapolation direction.

As an example of the resulting library, Fig. 4 shows temperature contours over a range of mixture
fraction and dissipation rates. The various planes are various magnitudes of the enthalpy loss,
expressed in terms of the stoichiometric values 7 or equivalently the Hy. The range of v is
from adiabatic to fully cooled (7' ~ T,,). This library corr/e\gponds to Z72 = 0 or a laminar
case. In general another library dimension exists over which Z”?2 varies, but this is not shown for
simplicity.

For this library in Fig. 4 the dependent variable evaluation for values of y beyond the limits of
the initial library is also shown; this corresponds to the extrapolation described in the previous
paragraph. For extrapolation at small values of y that occur frequently in fire calculations, there
is negligible evident consequence associated with the extrapolation. For large values of x that
exceed the critical extinction condition (not generally seen in fires), the prediction is poor since
these might nominally show a transition to extinguished temperatures. When y is expected to
exceed the critical extinction value, the previously described approaches using a flamelet progress
variable would generally be preferable.

3 Evaluation on a Laminar Flame

The model was evaluated on an ethylene laminar coflow, sooting jet following an experimental
design using the Santorro burner [25] with measurements available in Ref. [26]; the present case
is referred to as C2H4-40. The diameter of the laminar jet is 11mm, and the bulk velocity is 3.98
cm/s assuming a jet exit temperature of 300 K for the given mass flow rate. The coflowing air
velocity is higher at 8.9 cm/s. A fully developed laminar velocity profile is assumed at the jet
exit while a constant velocity profile is provided for the coflow, which is supported by a flow-
straightening structure installed in the coflow section of the experiment [25]. The inlet temperature
is fixed at 300K for both streams. While follow-up experiments reported a higher temperature
at the jet exit due to heating from the flame [26], the effect is ignored in the simulation. To use
our radiation solver, a three-dimensional domain was used despite the axisymmetric nature of the
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Figure 4: Surfaces associated with a laminar (27/’2 = () flamelet library are evaluated from a
flamelet library for C;Hy. In the x direction, the evaluation extends beyond the input range of
values as discussed in the text.

flame. A total of 200,000 mesh points are used, but considering 10 cells were used to discretize in
azimfu\tllal directions, the grid is equivalent to a 20,000 2-D mesh. A 3-D flamelet library, leaving
out Z”2 = 0, is used in the laminar flame simulation.

Predicted contours of temperature, soot volume fraction, mixture fraction, and enthalpy deficit are
presented in Fig. 5. The magnitude of the effect of radiation on the enthalpy deficit is clearly seen
as the flow moves downstream and the temperature decreases. Radial profiles of velocity, tempera-
ture, and soot mass fraction at selected downstream locations are compared to the experiment data
at Fig. 6. While the velocity and temperature profile match the experiment relatively well, soot
growth is initiated earlier, and soot is not fully oxidized given the current mechanism. Figure 7
shows that as much as 13% of the fuel was converted to soot, resulting in 8.34ppm as the maximum
soot volume fraction observed in the simulation.

While the oxidation model needs further investigation, the maximum soot volume fraction is in
reasonable agreement with the experiment, which lets us move to a buoyant turbulent flame.

4 Sooting Fire Plume

Using the model evaluated on the laminar case, a sooting turbulent fire plume was simulated where
ethylene is the fuel. Similar flames have been measured at Sandia National Laboratories in the
FLAME facility, an indoor controlled test facility for meter scale fires [27] (Fig. 8). Flow condi-
tions follow other FLAME facility measurements [28, 29]. A simplified cylindrical computational
domain was used with fuel and air coflow velocities given as 0.097 and 0.14m/s. Three mesh res-
olutions were used where the smallest mesh size is approximately lcm, 2cm, or 4cm; the mesh is
gradually coarsened away from the plume. Results from the most refined mesh (smallest size of
Icm; total mesh elements of 7 million) are presented here.

10
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Figure 5: Overall flowfield for the coflowing laminar jet simulation.
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Figure 8: FLAME facility and the computational domain

Figure 9: Instantaneous isocontours of soot at 10ppm (black), temperature at 1400K (red), mixture
fraction at stoichiometric (light blue).
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Figure 10: Relative soot mass compared to the fuel (red), and maximum of averaged soot volume
fraction (black) at different heights.
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Figure 11: Instantaneous scatter plot of soot versus temperature. Red dots indicate upstream while
green dataset is from downstream.

Figure 9 shows instantaneous isocontours of mixture fraction, temperature and soot volume frac-
tion. The soot field is highly intermittant in the plume. While the averaged field is not fully
converged yet, some initial statistics are reported. The amount of soot relative to the fuel is higher
than the laminar case in the previous section, and now peaks at close to 18% (Fig. 10). To demon-
strate the role of the flamelet library in the evolution of the soot and enthalpy states Fig. 11 shows
a scatter plot of the soot and temperature conditionally sampled for mixture fraction values be-
tween 0.03 and 0.1 and from different regions, below 1m and above 1.5m. When soot is increasing
low in the flame, the soot volume fraction is positively correlated with temperature since higher
temperatures promote soot growth. Meanwhile, as the green points indicate, when soot levels are
decreasing higher in the flame, the soot volume fraction is somewhat negatively correlated with
temperature due to enhanced oxidation at higher temperatures.

5 Conclusion

We describe an unsteady flamelet approach to developing a non-adiabatic flamelet library. The
transient approach allows the flame temperatures to range from adiabatic to the temperatures of
the surroundings, allowing treatment of both radiation heat transfer and wall heat transfer. Source
terms for a two-equation soot model are implemented in the context of this non-adiabatic flamelet
library. The formulation is evaluated using a laminar ethene flame, with subsequent predictions
of a sooting turbulent fire plume underway. For the laminar ethene flame, the model predicts
the maximum soot volume fraction with reasonable accuracy, but oxidation is underpredicted.
Preliminary results of a sooting pool fire simulation are also introduced.
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