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Highlights:

LES results focusing on flame ignition and extinction modelling are presented.

A dynamic approach for turbulence, combustion and radiation modelling is employed.
The ignition and extinction criteria consider the local properties of the flow.

The results are fairly grid insensitive and agree well with the experiments.

Abstract:

Large eddy simulations with the use of infinitely fast chemistry, focusing on flame ignition and
extinction modelling, are presented within the context of fires. A dynamic approach with respect
to turbulence, combustion and radiation modelling is employed in the simulations. Flame ignition
is modelled based on an ignition temperature, which varies with the local sub-grid scale strain rate,
while flame extinction is modeled based on the concept of a critical flame temperature, which
varies with the local mixing time scale. Validation of the approach is made by considering four
different experimental scenarios, involving both no-extinction and extinction cases. Focus is put
on the predictive capabilities of the simulations, with respect to different grid sizes, by comparison
to experimental data involving both first and second order statistics, and data available in the
literature for different grid sizes and for the different fuels considered. The predicted flame
temperatures and combustion efficiencies with the proposed approach agree fairly well, both
qualitatively and quantitatively, with the experiments and data for the limiting oxygen
concentration from the literature.

Keywords: ignition; extinction; LOC; combustion; turb. diff. flame; LES;

1. Introduction

Flame extinction is an important physical and chemical process that has received much attention
in the past within the context of fire safety engineering (i.e., considering the protection of material
properties and the safety of human lives). Modelling of flame extinction with the use of
Computational Fluid Dynamics (CFD) with infinitely fast chemistry, which is currently the state-
of-the-art approach for combustion modelling in Large Eddy Simulations (LES) of fires, still
remains challenging, though. The difficulties do not only lie in the interconnecting nature of the
various processes that need to be modelled (e.g., related to turbulence, combustion and radiative
heat transfer among others) but also in the fact that accurate numerical predictions are required
over a wide range of length scales.
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Most CFD codes (e.g., FDS, FireFOAM, ANSYS Fluent) used for simulations of fire scenarios
mainly rely on the concept of either a critical flame temperature (CFT) (e.g., [1], [2], [3]) or a
critical Damkdhler number (e.g., [4], [5], [6], [7], [8]) to model flame extinction. Depending on
the fuel, the CFT is typically assigned a constant value in the range of 1450 - 1780 K [9] (a value
of 1600 K [1] can be considered representative for many typical hydrocarbon fuels). Flame (re-
)ignition has mainly been modelled considering a constant temperature with combustion allowed
to proceed if the temperature of an initially suppressed mixture in a grid cell exceeds an a priori
prescribed value (i.e., either set to the auto-ignition temperature (AIT) of the fuel [1], or to a
constant value (e.g., 1000 K [5] - 1100 K [6]).

The work presented here reports on LES, using infinitely fast chemistry, and focuses on flame
ignition using an ignition temperature, which varies with the local sub-grid scale (sgs) strain rate,
while flame extinction modelling is based on the concept of a critical flame temperature, which
varies with the local mixing time scale. A dynamic approach with respect to turbulence (i.e.,
dynamic turbulence model parameters and turbulent Prandtl number), combustion (i.e., sgs mixing
model not involving any tuning parameters) and radiation (i.e., prediction of the radiative fraction
with an emission correction term for coarse grids) modelling is employed in the simulations. The
focus is put on the predictive capabilities of the numerical simulations with respect to different
grid sizes ranging from coarse (i.e., typically applied for engineering type of calculations) to finer
ones (i.e., in the order of 1 cm or less, which are typically required for accurate LES of buoyant
turbulent diffusion flames).

Validation of the simulations is made through comparison to four experimental test cases from the
MaCFP workshop series [10]. The scenarios involve buoyancy-driven flows, including both no-
extinction and extinction cases, and consider different burner geometries, fuels and fire sizes of
different levels of complexity. The cases involve quenching due to dilution, which is one of the
mechanisms of flame extinction, along with thermal quenching, which typically occurs in fires.
The scenarios considered for validation include: McCaffrey’s fire plume experiments involving a
30 cm square burner with natural gas and heat release rates of 14.4 - 57.5 kW [11]; NIST’s 1 m in
diameter methanol pool fire experiments with a heat release rate of 256 kW [12]; UMD’s line
burner [13] (5 cm wide by 50 cm long) experiments involving a methane diffusion flame of 50 kW
with the co-flowing air issued at 85 g/s and with a decreasing oxygen concentration until extinction
occurs; and FM Global’s experiments [14] involving a 15 ¢cm in diameter burner involving an
ethylene 15 kW fire with a co-flowing air issued with a velocity of 0.041 m/s. The extinction cases
of the FM Global burner involve 10 kW methane, propane, propene and ethylene fires with the
oxygen concentration in the co-flow slowly reduced until extinction occurs. The combination of
these experimental test cases provides a wealth of experimental data, involving both first and
second order statistics, useful for CFD model validation. A more detailed description of the cases
considered can be found in https://github.com/MaCFP/macfp-db.

2. Numerical modelling

The CFD code FireFOAM, developed by FM Global, is used for numerical modelling. An
overview of the governing equations and the various sub-models employed is given below [15]:
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where p is the density, @ is the velocity, p is the pressure, u.rr = pu + pggs is the effective
(molecular plus sgs) dynamic viscosity, I is the identity tensor, g is the gravitational acceleration,
Yk is the species mass fraction, D, is the thermal diffusivity, Prt is the turbulent Prandtl number,

III il

is the species reaction rate, h is the sensible enthalpy, g, is the radiative heat flux and g2’ =
”’AH is the heat release per unit volume due to combustion with AH, the heat of combustion
of the fuel. The code ignores differential diffusion, considers a unity Lewis number and Sc; = Pr;.

2.1 Turbulence
The dynamic Smagorinsky model is used for turbulence calculating the sgs viscosity as [16]:
Hsgs = PcsA)?|3] (5)
where A is the filter size (i.e., taken as the root of the cell volume) and S is the resolved strain rate.
The sgs Kinetic energy is estimated as [17]:
kogs = 02| ™
The model parameters c; and ¢; (as well as the turbulent Prandtl number, Pr,) are calculated
dynamically based on a procedure previously outlined in [15].

The sgs dissipation rate is calculated as [17]:

3/2

cck
Esgs = sAsgs (8)

where the model parameter c, is calculated dynamically as [18]:

(H"‘#SQS)A[axl axl_a_xl< >ax < =
Ce = 3 9)

_(ﬁﬁkﬁk ﬁﬁkﬁﬁk)z

with the hat denoting a top-hat filter (i.e., set to V6 times the filter size [15]).
2.2 Combustion

Combustion is considered to be infinitely fast, described by a one-step chemical reaction, with
turbulence-chemistry interactions considered with the Eddy Dissipation Model (EDM). Within the
EDM, the fuel consumption rate is calculated as [19]:

—1r _min(?p, ¥o,/s)

wp' = —P# (10)
where Y and ?Ozare the resolved fuel and oxygen mass fraction, respectively, and s is the
stoichiometric oxygen-to-fuel mass ratio.
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The mixing time scale, 7,,;y, is calculated as:

Tmix = MIN(T1m, Teyrp) (11)
which effectively considers mixing under laminar and turbulent conditions, respectively.

The laminar time scale is calculated as:

=& (12)

T
am Dth

Considering that mixing can occur over a wide range of time scales, two of the most important
turbulent time scales are considered; the sub-grid scale velocity stretching time scale (Tgiretcn =
A/u'), associated with large-scale fluctuations and mixing, and the Kolmogorov time scale (75 =
(v/esgs)l/z) associated with the mixing at the smallest turbulent scales (i.e., at molecular level).
The turbulent mixing time scale, ,,,3, IS then calculated based on their geometric mean as [20]:

Tr = [2(2 ) (13

!
u’ \€sgs

where u’ = /% is the rms of sgs turbulent velocity fluctuations.

2.3 Radiation

Radiation modelling considers the radiation intensity to be a function of spatial location and
angular direction and is obtained by solving the radiative transfer equation by the finite volume
discrete ordinates method. Absorption is considered through the weighted-sum-of-gray-gases
(WSGG) model [22]. Within WSGG, the total emissivity of a H,0 and CO, mixture is calculated
as the sum of fictitious gray gases weighted with a temperature dependent weighing factor as:

e = %,% a;(1 — e xiPt) (14)

where N, is the number of gray gases, a; is the emissivity weighting factor of the ith gray gas, k;

is the absorption coefficient of the ith gray gas, p is the sum of the partial pressures of all absorbing
gases, and L is the path length. In this case, four gray gases are used (N, = 4), together with a

transparent gas (i = 0) which represents the spectral windows between the absorption bands.

The weight factors, a;, are calculated as a polynomial function of temperature as:

a; = ;!'=O bi’jTj, i>0 (15)
where b; ; are polynomial coefficients of the ith gray gas of the jth order. The emissivity weighting
factor for the transparent gas (i = 0) is calculated based on energy conservation: a, = 1 — le.vjl a;.

The WSGG model coefficients can be obtained for different fuels by fitting Eq. (14) to line-by-
line (LBL)-based emissivity databases for different pL values. In this case, the coefficients needed
for the calculation b; ; and k; are taken from [23] for gas mixtures of H,0 and CO, with molar
fraction ratio equal to M, = py,0/Pco, = 2, representing typical products of methane combustion.



141

142

143

144

145
146

147

148
149

150

151

152
153

154

155
156
157
158
159
160
161
162
163
164

165

166
167
168

169

170
171
172
173
174

The total absorption coefficient, k, is then calculated as:

= — In(1-¢) (16)

L

The path length, L, is calculated as:
174
L= 3.6; a7

where V and A are the volume and surface area, respectively, of the medium participating in the
absorption. A dynamic approach is employed for estimating L in which the volume of the medium

is calculated by summing all the cell volumes where reaction takes place (i.e., g2’ > 100 ';—VZ), and
by assuming a certain flame shape (e.g., conical or rectangular depending on the burner geometry),
the corresponding surface area is obtained.

Finally, the radiative heat fluxes in Eq. (4) are calculated as:
—V-q/ =xG — (4xoT*+Eq") = -V ¢~ — Eq’ (18)

where ¢ is the Stefan-Boltzmann constant, G is the total irradiance and E is a correction in the
emission term calculated as:

13" da
i, av
N~— —_—

Xr, simulated

E = max| x, — (19)

where y,. is the radiative fraction of the fuel, which is defined a-priori. The second term in Eq.
(19), represents the predicted (simulated) radiative fraction, which is calculated as the ratio of the
heat reaching surface area, A, on the domain boundary by radiation, to the total heat release rate
inside the volume, V/, of the computational domain. With the current approach, absorption is
considered everywhere in the domain (i.e., in both the flame and the plume regions) even if the
flame is under-resolved by the grid size. The correction by Eq. (19) is applied in order to correct
the emission source term, which tends to be under-predicted in the simulations with coarse grids,
particularly in the flame region. For cases involving flame extinction, y,- is not a constant value,
but varies as a function of the oxygen concentration in the co-flow, according to experimentally
reported values for the test case considered.

2.4 Flame ignition / extinction

Flame ignition is an important modelling aspect because, if not considered properly, it can lead to
spurious (re-)ignition phenomena further downstream from the fire source. In this case, no flame
extinction is allowed if the cell temperature is equal or higher than the ignition temperature, T,

T = Tign (20)
The main mechanisms for flame (re-)ignition are expected to be due to premixed auto-ignition
(controlled by chemistry) and non-premixed auto-ignition (controlled by mixing and chemistry)
which have been reported to require a temperature of approximately 1000 K [25]. In this work, the
required temperatures for ignition, T;,,, are taken from experimental data of non-premixed,
counterflowing jets of nitrogen-diluted fuels versus hot air [26, 27] for strain rates higher than 100
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st The T;4n Values for zero strain rates were considered to be the corresponding auto-ignition
temperatures of each fuel [9]. The ignition temperatures, T;,,,, were then fitted using a third order
polynomial of the following form:

Tign, fuet = Ssgs + bSegs + cSsgs +d  for  Ss55 < 300571 (21)

gn

with the parameters a, b, c and d reported in Table 1.

Table 1. Parameters used in Eq. (23) for calculating T;g,, for different fuels.

Fuel data a b c d

CH, 6e-5 | -0.0347 | 6.5893 | 813
CsHg 4e-5 | -0.0286 | 6.7684 | 723
C,H¢" 4e-5 | -0.0279 | 5.9416 | 788

“ Data used in the simulations when C2Ha or C3Hy is the fuel.

Considering that combustion is unresolved on the CFD grid (i.e., occurs on a sgs level), T;g4, is
chosen to vary with the local sgs strain rate. The choice of a characteristic eddy strain rate is not
always straightforward to evaluate and different approaches have been suggested in the literature.
More specifically, a flame-stretching strain rate for buoyancy-induced turbulent flows, based on
the energy cascade theory, has been suggested by Yu et al. [28]. Based on a DNS analysis over a
range of Reynolds numbers [29], it has been reported that the mean value scales with the inverse
of the Kolmogorov time scale and can be approximated as S, = 0.2871. In the current work,
the sgs strain rate is estimated from the inverse of the sgs velocity stretching time as:

Ssgs = Ts_t11”etch = A
This approach, which brings some consistency with the employed mixing time scale used for
combustion modelling, should be seen as a first step before evaluating what would be the
appropriate characteristic strain rate to be used for fire simulations in the future. The variation of
Tign as a function of Sy is presented in Fig. 1(a). Nevertheless, the ignition approach described
above cannot be applied everywhere in the computational domain without affecting the primary
ignition process (i.e., not suppressing the flame just above the burner). For this reason, a small
region surrounding the burner (i.e., inside which T4, = 0 K) was defined in each scenario where
combustion is allowed to take place without allowing for any flame extinction to occur.

Modelling of flame extinction is based on the concept of the critical flame temperature, T¢cpr. The
criterion examines whether a reacting mixture within a cell will have enough energy to raise its
temperature above T to sustain combustion and is expressed as [3]:

1?F(hF(T) + AHc) + Yoho (T) + Yphyp (T) > Yehe (Tepr) + Yoho (Terr) + Yphp (Teer) — (23)

where sub-scripts F, O and D denote the fuel, oxidizer (i.e., air) and diluents (i.e., inert gases or
products of combustion) present in the reacting mixture. Eq. (20) is evaluated based on the initial
composition of the reactant mixture, before any combustion occurs. The reactant mixture
represents the portion of the grid cell that can potentially react with its composition defined via the
following: Yz = min(¥z, Y,/s), Yo =s¥r and ¥, = (Y,/%) (Vs — ¥z + V). Based on the
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formulation of the model, the reactant mixture comprises a stoichiometric combination of fuel and
oxidizer with any excess fuel within a cell acting as a diluent while any excess air does not.
Therefore, combustion within a cell is likely to occur for a small amount of fuel in excess oxidizer
but likely to be suppressed for a small amount of oxidizer in excess fuel. If the inequality is true
then combustion proceeds as normal, while if the inequality is false, then the reaction within the
computational cell is inhibited during the current time step.

The critical flame temperature varies locally in every cell and is calculated as:

Tepr = (YNZ + YCOZ)TCFT,(NZ,COZ) + YHZOTCFT,(HZO) (24)

with the critical flame temperature based on the local inert diluents (i.e., N,, CO,, H,0), taken
from Perfectly Stirred Reactor (PSR) simulations for different diluent agents with varying
concentrations, given by a power law in the form of Teery,co,) = 1407.47,007° and
Terr 1,0y = 1517.87,00>%, respectively [24]. The T¢r values are bounded between 1450 - 1780
K values, which are common minimum and maximum limits for many hydrocarbon fuels. The

variation of T¢pr (,,co,) aNd Tcrr 0y @s @ function of 7., is presented in Fig. 1(b).
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Fig. 1. Overview of the (a) ignition temperature, T;g4,, and (b) critical flame temperature, T¢pr,
variation considered in the modelling.

3. Numerical setup

An overview of the numerical setup used for the numerical simulations of each test case is outlined
in Table 2. A local grid refinement strategy is considered so that a fine grid size (i.e., in the order
of 1 cmor less) is applied in the near-field region of the fire plumes, and up until the experimentally
reported flame heights. The equivalent mass flow rate, accounting for both convective and
diffusive mass fluxes, is applied at the burner, while the supply of the co-flowing oxidizer (where
present) is provided according to the experiments. The ambient temperature and pressure are 293
Kand 101325 Pa, respectively, for all scenarios. For angular discretization of the radiative transfer
equation 72 solid angles are used, nevertheless the choice of this value is not so influential for
radiative heat transfer inside the flame (not shown here). Second order numerical schemes are used
for discretization of the equations. More specifically, a backward scheme is used for time
discretization, a filtered linear scheme (i.e., filteredLinear2V) is applied to the convective terms, a
TVD scheme (i.e., limitedLinear), which blends central difference and upwind, is employed for
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scalar transport while a central difference scheme is used for the diffusive terms. The choice of
discretization schemes is based on the validation study presented in [30]. A variable time step is
employed, limited by a maximum Courant number of 0.9. All simulations without extinction are
run for 35 s with averaging occurring over the last 30 s. The extinction cases are run for 90 s, with
the oxygen mass fraction in the co-flow remaining constant (i.e., Y,, = 0.233) for the first 4 s and

then reduced by 0.002/s [2] (with by an equivalent increase in the nitrogen mass fraction, Yy, ).

Table 2. Overview of the setup used in the numerical simulations.

Case McCaffrey’s NIST UMD FM
fire plumes [11] pool fire [12] line burner [13] burner®[14]
Fuel CH, CH30OH CH,4 CHg4, CoHag,
CsHe, CsHs,
HRR (Q) 14.4,21.7, 33, 256 kKW 50 kW 10 - 15 kW
44.9,57.5 KW
Extinction No No Yes Yes
Burner 0.3mx0.3m 1 m diameter 0.5mx0.05m 0.15 m diameter
(square) (circular) (line) (circular)
Co-flow - - 85 g/s 0.041 m/s
Domain 3mx33mx3m dmx4m le6mx2mx1lm 12x18m
(rectangular) (cylindrical) (rectangular) (cylindrical)
Grid size (4) 1.5cm lcm 0.625 cm 0.5cm
Amx23mx1lm) | (1.5mx15m) | (0.6mx0.6mx04m) | (0.6mx0.9m)
3cm 2cm 1.25cm lcm
2mx33mx2m) | 25mx25m) | (0.8mx0.8mx0.6m) | (0.8mx1.2m)
6cm 4cm 25cm 2cm
(domain) (domain) (domain) (domain)
D*/A 12 - 20 55 - 36
Cells 1.2 million 1.99 million 0.89 million 0.78 million
Radiative 0.17,0.21, 0.25, 0.21 0.24 0.34
fraction (x,.)° 0.27,0.27

2 No-extinction cases: C2Hs with 15 kW, extinction cases: CH4, C2H4, C3Hs, C3Hg with 10 kW.
b \alues which are used in Eq. (19) for cases not involving extinction.

4. Results

An overview of the numerical predictions for all the test cases considered (i.e., no-extinction and
extinction scenarios) for validation purposes is presented in this section.

4.1 No-extinction cases

Fig. 2 presents a comparison between the CFD predictions and McCaffrey’s correlations (i.e.,
black dashed lines) for the centerline excess temperature and axial velocity. Overall, the
simulations on the finest grid size (1.5 cm) exhibit good data clustering, they predict fairly well
the maximum temperatures and velocities and they also reproduce the scaling laws suggested by
McCaffrey. Even on a coarser grid (3 cm) the performance of the models is still quite satisfactory
for all the heat release rates considered. The predictions on the coarsest grid (6 cm), when only 5
cells are used across the burner, are less satisfactory, which is as expected. Nevertheless, even on
such coarse grids the model predictions are still remarkably good for the highest HRR cases (44.9

8
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—57.5 kW). The numerical predictions for the NIST pool fire and the UMD line burner scenarios,
presented in Fig. 3, are also very satisfactory when examining the mean and rms temperatures on
the centerline, as well as the radial profiles of temperature at different elevations. Overall, the CFD
results are not very grid sensitive and, in most cases, remain close to / within the experimental
uncertainty. Equally satisfactory are the simulation results when examining the mean and rms
temperatures for the FM burner, shown in Fig. 4. A slightly stronger grid dependency is observed
in this case, mainly for the coarsest grid size considered, which is attributed to the lack of sufficient
turbulence (i.e., low rms values) above the burner. Any discrepancies in the temperature
predictions in this case could also be partially attributed to the combined effect of the absence of
soot modelling and the under-prediction of the radiative fractions (i.e., 9% for the 2 cm grid size).
Given the strong coupling and dependency between combustion and radiation modelling in fires,
these effects are expected to be more important in the FM burner, given its smaller size, compared
to the burner sizes involved in the other scenarios. The predicted radiative fractions, y,., from all
simulations are presented in Table 3. One can observe that the applied correction in the emission
term in Eq. (21) does result in fairly good and grid insensitive y,. predictions for all cases and grid
sizes when compared to the experimental values (i.e., maximum under-predictions of 12%). The
overall satisfactory agreement, even on coarse grid, is due to the dynamic modelling approach.
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Fig. 2. Centerline mean excess temperature (top) and axial velocity (bottom) for McCaffrey's fire
plumes.
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Fig. 3. Temperature on the centerline (left) and at two axial locations (middle, right) for the
NIST pool fire (top) and the UMD line burner (bottom).
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Fig. 4. Temperature on the centerline (left) and at two axial locations (middle, right) for the FM
burner.

Table 3. Overview of the predicted radiative fractions, y,., in the numerical simulations.

McCaffrey’s NIST UMD FM
fire plumes pool fire line burner Burner
144 | 217 | 33 | 449 | 575 256 kW 50 kW 15 kw
kW | kW | kW | kW | kW
6cm 015 | 0.19 | 022 | 0.24 | 0.24 | 4cm | 0.19 2.5cm 021 | 2cm 0.31
3cm 015 | 019 | 023 | 0.24 | 0.24 | 2cm | 0.20 | 1.25cm | 0.22 | 1cm 0.32
15cm | 0.16 | 0.19 | 0.23 | 0.25 | 0.25 | 1cm | 0.20 | 0.625cm | 0.22 | 0.5cm | 0.32
Exp. 0.17 | 0.21 | 025 | 0.25 | 0.27 | Exp. | 0.21 Exp. 0.24 | Exp. 0.34
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4.2 Extinction cases

s

The predicted combustion efficiencies (i.e., defined as n = [ff, g;" dV/Q, where Q is the
theoretical heat release rate without any flame extinction) are presented in Fig. 5 for the simulations
of the UMD line burner and the FM burner with different fuels, as a function of grid size. The
predictions with FDS 6.7.8, taken from [31], are also included for comparative purposes. The
corresponding limiting oxygen concentrations (LOC) from various sources in the literature are
reported in Table 4 and are used, together with the available experimental data, for evaluation of
the accuracy and predictive capabilities of the numerical simulations. Emphasis is given on
whether the simulations can accurately simulate flame extinction over various grid sizes and
whether the predicted LOC values are within the ranges as suggested in the literature.

Table 4. Limiting oxygen concentration (LOC) (vol. %) for different fuel-air-N mixtures.

Fuel Limiting oxygen concentration (LOC)

CH, |10.7[32], 11.1% [33], 11.3% [34], 11.6% [35], 12% [36, 37], 12.1% [38], 13.9% [39]
C,H, 8.5% [33], 8.6% [34], 9.3% [35], 9.9% [36], 10% [37], 10% [38], 10.5% [39]
CsHg 10.5% [34], 11.5% [36], 11.5% [38]

CsHg 10.5% [34], 10.7% [33], 11.4% [38], 11.5% [37], 11.6% [36], 12.7% [39]

UMD line burner [FM burner|

[UMD line burner

— Y cH, ~1O%cH, pV o _10ch,
gos Zost Zost
3 3 o
=2 =2 =2
£06¢} £06¢} 1 £06¢}
8 8 g , 8 :
%04 %04 I O Experiment %04 O Experiment
1= 1= I p —6.25 mm 1= —0.5cm
£ = Ji- - = 125mm £ - = 1cm
202 3 R02t : - 25mm 802+ - 2cm
© ‘) LOC (literature), © v L LOC (literature), © LOC (literature)
0ol - T @) |Rediines:FDS67.8 Y el ) ) Red lines: FDS 6.7.8 0.0 | ) Red lines: FDS 6.7.8
0.07 0.09 0.11 0.13 0.15 0.17 0.19 0.21 0.07 0.09 0.11 0.13 0.15 0.17 0.19 0.21 0.07 0.09 0.11 0.13 0.15 0.17 0.19 0.21
0O, mole fraction (-) 0O, mole fraction (-) 0O, mole fraction (-)
FM burner| ' f . ‘ FM burner, ' ' ‘ [FM burner| ' y '
_ 1.0 CH, _ 1.0 CoHs _ .0 CoHs
Zos Zost Zost
2 2 2
L2 L2 L2
S 06 S 06 S 06
c c c
% 0.4 < Experiment % 0.4 [© Experiment % 0.4 O Experiment
a2 ——0.5¢cm a2 ——0.5cm a2 ——0.5cm
g = =1cm g = =1cm g - =1cm
0.2 - 2cm 02 -- 2cm 02t - 2cm
e NP LOC (literature) © i ! LOC (literature) © LOC (literature)
0.0 ) ) Red lines: FDS 6.7.8 0.0 ) /. Red lines: FDS 6.7.8 0.0 ) I Red lines: FDS 6.7.8
0.07 0.09 0.11 0.13 0.15 0.17 0.19 0.21 0.07 0.09 0.11 0.13 0.15 0.17 0.19 0.21 0.07 0.09 0.11 0.13 0.15 0.17 0.19 0.21
0O, mole fraction (-) 0O, mole fraction (-) 0O, mole fraction (-)

Fig. 5. Predicted combustion efficiency for the different cases and fuels considered.

Overall, the predictions in the FM burner scenario appear to be insensitive to the grid size within
the range of A values tested (i.e., from 0.5 cm to 2 cm). More specifically, the predictions on the
coarsest grid size (i.e., 2 cm) remain acceptable and fairly close to the numerical predictions using
the finer grid resolutions (i.e., 1 cm, 0.5 cm). It is worth noting that the LOC value at extinction
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for a 2 cm grid size tends to be lower compared to the finer grid sizes (i.e., 1 cm, 0.5 cm) due to
the slight over-prediction of flame temperatures, previously seen for this scenario without
extinction, when the coarsest grid size is employed (i.e., Fig. 4). This aspect is expected to be
similar for the simulations with the other fuels as well, even though no comparison is possible due
to lack to available experimental data. On the other hand, only the finest of the grid resolutions
used in the UMD liner burner scenario (i.e., 6.25 mm) allow to accurately simulate the scenario
(i.e., there are 2, 4 and 8 cells across the width of the line burner for a grid size of 25 mm, 12.5
mm and 6.25 mm, respectively). This is a consequence of the burner geometry, which is much
more demanding in terms of grid resolution. Hence, it is not surprising that a stronger grid
dependency is sometimes observed for this scenario (i.e., CH, case with a grid size of 25 mm). In
addition, it should be emphasized that the reason that all simulations do not tend towards a
combustion efficiency of 0 when flame extinction occurs, is due to the small region surrounding
the burner where combustion is allowed to take place (i.e., so that the primary ignition source is
not affected), as mentioned before.

The predicted LOC values from the simulations, using the finest grid sizes, are very satisfactory
and usually remain within the range, or close to the lower limit (+- 10%), of the experiments and
the values reported in the literature. The only striking difference between the simulations and the
experiments appears to be in the UMD liner burner case for C3Hg. Nevertheless, the predicted
LOC values from the simulations are consistent and in the order of 9 — 10%, for both the UMD
line burner and the FM burner cases, while the experimental values are different and lie in the
order of 12% and 10%, respectively. In this case, the predicted LOC values from the simulations
are on the lower end of the values reported in the literature. The general trend for the LOC at
extinction in the simulations in the FM burner case is similar to the ones observed in the
experiments and with different modelling approaches (e.g., [40]), which is also encouraging with
respect to the predictive capabilities of the proposed modelling approach. More specifically, the
simulations predict CH,(11%) > C3Hg, C3Hg (10%) > C,H, (9%) while in the experiments
CH,(12%) > C3H¢(11%) > C3Hg (10%) > C,H, (8%). Part of the small discrepancies
observed for C;Hg in the FM burner case (i.e., flame extinction occurring at a slightly lower LOC
compared to the experiments) can be attributed to the fact that, in the absence of available
experimental T;4,, data as a function of strain rate and of the radiative fractions as a function of
decreasing oxygen concentration, the same input data as in the case of C;Hg were used. Similarly,
the lack of T;,,, data for C;H, will also lead to some uncertainty in the flame extinction predictions
of these scenarios. Overall, the current numerical results are also in good agreement with the FDS
predictions for all scenarios considered, apart from C;Hg, for which different LOC values at
extinction are predicted (i.e., 10% in the present work and 12% for FDS). With the dynamic
approach employed here, the numerical predictions are fairly grid insensitive and compare well
with both the experimental values and data available from the literature as well as against results
predicted with other CFD codes.

4.3 Discussion

Flame ignition and extinction modelling, within the context of infinitely fast chemistry, will
inevitably be strongly coupled to turbulence, combustion and radiation modelling. In order to
examine the sensitivity of the numerical results, the predicted combustion efficiencies, considering
a variation of several modelling parameters (related to flame extinction and radiation modelling),
are presented in Fig. 6 for the FM burner with C,H, and a grid size of 1 cm. The use of a constant
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critical flame temperature, Terr = 1610 K (i.e., value for C,H, based on [9]), gave similar
predictions with the approach allowing Trr to vary with the local mixing time scale (i.e., T¢pr =
f (Timix)). Simulations performed with oxygen model fractions of 21%, 16.8% and 15.2% [14] in
the co-flow, resulted in maximum Tz values in the flame region on the order of 1550-1600 K,
exhibiting an increasing trend with decreasing oxygen model fraction. Hence, it is not surprising
in this case that the different approaches for modelling T gave similar predictions. On the other
hand, the influence of ignition modelling was more important. The consideration of a constant T; 5,
value, set to either the auto-ignition temperature (AIT) of C,H, (i.e., 763 K [9]) or to a commonly-
used value in the literature (i.e., 1000 K [5]) led to discrepancies by under- and over-predicting the
LOC values at extinction, respectively. Based on this, the appropriate range of T;,4,, seems to be in
the region of 763-1000 K which essentially lies in between the available experimental data in Fig.
1 (a). This aspect suggests that the fitting function used for T;,4,, could potentially have an impact
and that there is a need for experimental data for ignition temperatures of various fuels at low strain
rates in order to have a more accurate variation of T;,, at flow conditions that are more
representative for fires. Finally, radiation modelling also seems to be important in this case. More
specifically, considering a constant correction for the radiative fraction, (i.e., x,- is constant in Eq.
(19), set to the value without any flame extinction, and does not decrease as the flame approaches
extinction) results in flame extinction occurring much faster than desired. This is to be expected
as the flame is forced to lose more heat due radiation and it approaches extinction faster. Not
enforcing any correction on y,., results in predictions that agree very well with the experiments.
However, this is only by coincidence and due to compensating effects. More specifically, the
predicted radiative fraction was initially only 15%, which decreased as a function of time, a value
much lower compared to the experimental value of 34%.
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Fig. 6. Sensitivity study on T4, (left), Tcpr (middle), and y,qq (right) on the predicted
combustion efficiency in the FM burner for C,H, with a grid size of 1 cm.

5. Conclusions

LES results, focusing on flame ignition and extinction modelling, have been presented using a
dynamic approach with respect to turbulence, combustion and radiation. Flame ignition was
modelled considering an ignition temperature, that varies with the local sgs strain rate, while flame
extinction was modelled based on the concept of a critical flame temperature, varying locally with
the mixing time scale. Validation of this dynamic approach on four different experiments was
made involving both non-extinction and extinction scenarios.

Overall, the numerical simulations were able to accurately predict the reduction in the combustion
efficiency of different fuels when the oxygen content in the co-flowing air was reduced. The
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predicted limiting oxygen concentrations (LOC) values were fairly grid insensitive, as long as a
sufficient number of cells were used across the burner, and were close to the available experimental
data and within the reported range of LOC values reported in the literature (+- 10%). Both radiation
and ignition modelling were reported to be potentially important in this respect. The employed
approach showed great potential in terms of modelling flame ignition and extinction using a
predictive approach, even on relatively coarse grids. Nevertheless, further validation and
refinement of the approach is needed in the future.
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Fig. 1. Overview of the (a) ignition temperature, T;
Tcrr, variation considered in the modelling.

gn» and (b) critical flame temperature,

Fig. 2. Centerline mean excess temperature (top) and axial velocity (bottom) for
McCaffrey's fire plumes.

Fig. 3. Temperature on the centerline (left) and at two axial locations (middle, right) for
the NIST pool fire (top) and the UMD line burner (bottom).

Fig. 4. Temperature on the centerline (left) and at two axial locations (middle, right) for
the FM burner.

Fig. 5. Predicted combustion efficiency for the different cases and fuels considered.

Fig. 6. Sensitivity study on T¢pr (left), T;g, (middle) and y,,4 (right) on the predicted
combustion efficiency in the FM burner for C,H, with a grid size of 1 cm.
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