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Abstract

The general objective of this research is to adapt current combustion modeling capabilities used in com-
putational fluid dynamics solvers to the treatment of under-ventilated compartment fires. More specifically,
we consider in the present study two models proposed to describe: diffusion flame extinction due to air viti-
ation; and the emission of carbon monoxide (CO) and unburnt hydrocarbon (HC) mass in a compartment
fire. The flame extinction model is based on a flammability diagram parametrized in terms of vitiated air
properties. The CO/HC mass model is based on: a transport equation for fuel mass; a comparison of this
fuel mass to a Burke-Schumann chemical-equilibrium expression; and an interpretation of the difference as
a measure of incomplete combustion. Both models are implemented into a large eddy simulation solver
developed by the National Institute of Standards and Technology, USA. The models performance is tested
via detailed comparisons with an experimental database corresponding to reduced-scale compartment fires.
The study considers two cases that correspond to different values of the fire room global equivalence ratio
and are representative of strikingly different flame behaviors. The comparative tests serve to evaluate the
general ability of the models to describe the transition from extinction-free conditions to conditions in
which the flame experiences partial or total quenching, as well as the transition from fire regimes with
no or little CO emission to regimes that emit hazardous levels.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Compartment fire; Under-ventilated combustion; Flame extinction; Carbon monoxide emission; Large eddy
simulation

1. Introduction

The focus of the present study is the near-or
post-flashover stages of building compartment
fires [1-3]. Near-or post-flashover stages in com-
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partment fires exhibit unique features associated
with smoke accumulation and restricted air venti-
lation. In typical large fire situations, the smoke
layer spreads over most of the compartment vol-
ume, so that large sections of the flame are sup-
plied with vitiated air, i.e. a mixture of pure air
and re-circulating combustion products. Air vitia-
tion results in global and local modifications of
the flame structure. For instance, if the global
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equivalence ratio (GER) in the fire room becomes
larger than unity, the flame may experience a dra-
matic change and migrate from the fuel source to
the compartment vents location. This transition is
similar to the flame opening process observed in
Burke-Schumann-type laminar diffusion flames
when going from over- to under-ventilated condi-
tions [4,5].

In addition to these global effects, air vitiation
also affects the local values of the flame burning
intensity. As discussed in Ref. [6], air vitiation
has the double effect of changing the oxidizer
stream composition (a dilution effect) as well as
its temperature (a pre-heating effect). The net
effect of air vitiation is to decrease the heat release
rate; and sufficient levels of air vitiation will result
in sub-critical oxygen concentrations and conse-
quent flame extinction.

The issue of flame extinction is also related to
that of incomplete combustion. In hood or com-
partment fire experiments, products of incomplete
combustion (carbon monoxide, unburnt hydro-
carbons, hydrogen) are observed for sufficiently
large degrees of air vitiation [7-10], typically when
the configuration GER is above 0.5, or equiva-
lently when the oxygen mass fraction inside the
(compartment or hood) ceiling layer falls below
a critical value called the lower oxygen index.
Typical values of the lower oxygen index are
10-15% and depend on fuel type [11,12]. The pres-
ence of products of incomplete combustion in the
ceiling layer may be explained by flame extinction
phenomena occurring in some sections of the
flame.

As explained in Ref. [8], flame extinction is
only one among several mechanisms that are
believed to play a role in the net emission of car-
bon monoxide from compartment fires. Under
over-ventilated conditions, flame extinction events
result in unburnt fuel mass leaking through the
flame into the ceiling layer; this leaking fuel mass
corresponds primarily to carbon monoxide (CO)
and unburnt hydrocarbons (HC) species. Depend-
ing on the ceiling layer temperatures (i.e. for tem-
peratures above 800 K), CO and HC species may
also react with ambient residual oxygen, via sec-
ondary chemical reactions occurring in the bulk
of the ceiling layer [8,13,14].

Similarly, under ventilation-limited condi-
tions, flame extinction events result in air mass
being entrained directly into the fuel-rich ceiling
layer [8]. Depending on the ceiling layer temper-
atures (i.e. above 800 K), leaking oxygen species
may then react with ambient residual unburnt
fuel, and thereby augment CO formation
[8,13,14]. In addition to these mechanisms, it is
worth noting that CO and HC species are natu-
ral products of under-ventilated combustion sys-
tems, even in the absence of flame extinction.
This flame-based mechanism has been docu-
mented for instance in fundamental studies of

under-ventilated, normal or inverse, laminar dif-
fusion flames [4,5,15].

In summary, the list of mechanisms that con-
tribute to CO formation in compartment fires
includes: (1) flame extinction; (2) bulk chemical
kinetics in the hot ceiling layer; (3) flame-based
kinetics in an under-ventilated configuration.
From a modeling perspective, the question of
how to adapt computational fluid dynamics
(CFD) capabilities in order to treat the full range
of CO-mechanisms observed in compartment fires
remains entirely open (see Refs. [16,17] for previ-
ous attempts). Mechanism (3) may be described
using a classical flamelet approach; mechanism
(1) may be described using an extended flamelet
approach, enhanced by an extinction capability;
mechanism (2) corresponds to non-flamelet kinet-
ically-controlled processes, and requires a descrip-
tion of CO chemistry as distributed reactions.

The objective of the present study is to adapt
current CFD capabilities to a numerical treatment
of flame extinction and CO formation in under-
ventilated compartment fires. The developments
and tests presented hereafter are made in the con-
text of a CFD solver called the fire dynamics sim-
ulator (FDS). FDS is developed by the National
Institute of Standards and Technology, USA,
and is oriented towards fire applications; it uses
a large eddy simulation (LES) approach for
turbulence (based on the classical Smagorinsky
model) and an equilibrium-chemistry model for
non-premixed combustion [18,19].

The latest version of FDS includes a new
optional modification to the equilibrium-chemis-
try combustion model: this modification allows
for a description of local flame extinction due to
air vitiation [18]. The present study is a continua-
tion of this earlier FDS modeling work and an
extension to the problem of CO/HC modeling.
The proposed CO/HC model is described in Sec-
tion 2. Model performance is then evaluated in
Section 3 via detailed comparisons with an exper-
imental database corresponding to a reduced-scale
compartment [20,21]. The experimental database
has been used previously in a series of FDS simu-
lations in which flame extinction and CO forma-
tion were ignored [22]. The present study is also
a continuation of Ref. [22].

2. LES modeling of flame extinction and CO/HC
emissions

2.1. Modeling of flame extinction due to air
vitiation

We start from the equilibrium chemistry model
proposed in FDS, in the absence of flame
extinction. This model is based on the classical
Burke-Schumann theory of diffusion flames in
which infinitely fast chemistry is assumed and
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the flame structure is described in terms of mix-
ture fraction. It is worth emphasizing that in many
fire problems, the turbulent motions are buoyan-
cy-driven and the turbulence intensities remain
low-to-moderate. Under such conditions, and
assuming well-ventilated conditions, flame extinc-
tion remains unlikely and the assumption of infi-
nitely fast chemistry is an acceptable
simplification. The model expression for the LES-
filtered heat release rate (HRR) per unit volume is:

— Yy y ~2 ~
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(1)

where Yy’ is the fuel mass fraction in the fuel sup-
ply stream, Z, the stoichiometric value of mixture
fraction Z, p the mass density, v, the turbulent
eddy-diffusivity, Sc, a turbulent Schmidt number,
AHFE the heat of combustion, and where the over-
bar (tilde) symbol denotes straight (Favre-weight-
ed) LES-filtered quantities. The Z-gradient term
on the right-hand side of Eq. (1) represents the
LES-filtered rate of fuel-air mixing; the -function
term represents the stoichiometric value of the
probability density function (Pdf) that describes
subgrid-scale variations in Z. The mixing rate
has been expressed using a classical closure
expression for the unconditional scalar dissipation
rate. The subgrid-scale Z-Pdf has been approxi-
mated using a crude presumed Pdf approach, in
which subgrid-scale variations in Z are simply
neglected [23].

We now turn to an extension of the HRR
expression in Eq. (1) to cases with flame extinc-
tion. The reduction in flame strength resulting
from smoke-air mixing is incorporated into the
model via the introduction of a flame extinction
factor FEF:

Ga =43 x (1 - FEF) @)

where FEF is the locally defined probability of
finding inactive flame elements in a given LES
computational grid cell. FEF =0 (=1) for a fully
burning (extinguished) flame.

The model formulation for FEF uses the fol-
lowing ingredients: a critical flame temperature
T., below which extinction is predicted to occur;
a lower oxygen index, that characterizes limiting
oxygen levels for flames supplied with diluted air
at ambient temperature, 7., = 300 K; and a mod-
el for the flame temperature T. The critical flame
temperature model may be viewed as a simplified
version of a classical description based on critical
values of the scalar dissipation rate [24-26]; we use
T. =~ 1700 K [27]. The lower oxygen index is also
described as an empirical input quantity and is
specified as Yo,. ~ 0.17 (mass fraction) [11,12].
The flame temperature model is based on a classi-
cal Burke-Schumann expression:

Yo, Y
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where T, and 75 are the temperatures in the fuel
and oxidizer streams feeding the flame, Yr; and
Yo,» the mass fractions of fuel and oxygen in
those feeding streams, r the stoichiometric oxy-
gen-to-fuel mass ratio, and ¢, the specific heat of
the reactive mixture at constant pressure (assumed
constant). Equation (3) provides a useful expres-
sion of Ty as a function of the oxidizer stream
properties Yo,, and 7.

Next, we combine the flame temperature model
in Eq. (3) with the concepts of a critical tempera-
ture 7, and an oxygen limit Yo,.. We get after
some algebraic manipulations:

Tst:Tc‘i’(Tc*Too)

% rsYF,l (YOZ,Z_ (Tc_TZ)) (4)
rsYF‘l + Y02‘2 YOz,C (Tc - Too)

where T = T, has been assumed. This expression
may now be conveniently used to construct a
flammability diagram in terms of the vitiated air
variables Yo,, and 7, (Fig. 1). In Fig. 1,
non-flammable (flammable) conditions
correspond to sub-critical (super-critical) flame
temperatures, ie. flame temperatures such that
Tst < Tc (Tst = Tc)’ or (YOZ,Z/YOZ,C) - (Tc - T2)/
(T —Ts) <0 (= 0). And the following binary
expression for the flame extinction factor is
obtained:

Flammability
Limit 7 =7

Non-Flammable

! Flammable
Domain

Domain

T,

% ]

0 Y

N

2,2

Fig. 1. Flammability diagram for a pure-fuel/vitiated-
air diffusion flame, as a function of the vitiated air
properties Yo, and 75, as predicted by the criterion in
Eq. (5). The white region corresponds to FEF = 0; the
grey region to FEF = 1.
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where H is the Heaviside function, H(x) =1 if
x =0, H(x)=0if x <0.

Equation (5) is a closure model for FEF, pro-
vided that the variables Yq,, and 75 are known.
Note that the oxidizer stream properties corre-
spond to unresolved conditional information,
and should not be confused with the LES grid-
resolved oxygen mass fraction and temperature,
Yo, and T. The estimation of Yo,, and T3 in
Eq. (5) is based on a simple search algorithm
applied to all computational grid cells in which
heat release is taking place. The search algorithm
interrogates neighboring cells and identifies
among them the cells that are both non-reacting
(gg" = 0) and located on the lean side of the flame
(Z < Zg); the values of Yo, and T in those oxidiz-
er cells are then used to estimate the vitiated air
conditions at the LES flame location. With this
scheme, Egs. (2) and (5) provide an extended
HRR model.

2.2. Modeling of COIHC mass

We now turn to a description of the CO/HC
mass. This description is based on a transport
equation for the LES-filtered fuel mass fraction
Yr (which includes flame extinction effects)
and a comparison between Yy and the
Burke-Schumann fuel mass fraction Y3 (Z) that
would be obtained under equilibrium conditions
(i.e. in the absence of flame extinction). We write:

0 _~ 0 ,__~
a(PYF) +a_xi(PUfYF)
6 .V Vi a?]: ~eq
=— —+— 1 — FEF
Ox; (p(ScF + Sct) ox; ) + @ X ( )

(6)

where u; is the x;-component of the flow velocity
vector, v the kinematic viscosity, Scg a Schmidt
number, and where &g is the LES-filtered fuel
mass reaction rate obtained in the infinitely fast
chemistry limit. We note that in this limit, chemi-
cal reaction is confined to the stoichiometric fuel-
air surface, and Yg remains 0 on that surface. In
other words, the chemical sink term @y must bal-
ance exactly convection and diffusion transport of
incoming fuel. Using Eq. (6), we may write:

= 0~ ) voov 0V
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which holds at the LES flame surface location, i.e.
at Z = Zg.

While attractive because of its simplicity, while
also compliant with global mass conservation
requirements, the model expression in Eq. (7) is
affected by numerical stiffness problems: the

thickness of the reaction zone corresponds to a
single computational grid cell. The model is there-
fore prone to numerical diffusion errors. While
improvements are possible [23], we choose to
work in the following with the model as formulat-
ed in Egs. (6) and (7).

Next, we discuss the implications of the fuel
mass model for CO predictions. The idea here is
to compare the fuel mass obtained using the mod-
el in Egs. (6,7) with that obtained using the classi-
cal  Burke-Schumann equilibrium-chemistry
model, Y(Z)=0,Z<Zy;Y(Z)=YP(Z—Zy)/
(1-Zy),Z > Zy [24-26], and simply interpret
the deviations of Yy from Y¥(Z) as a measure
of incomplete combustion. We write:

Ycosne = Ye — Yi(Z) ®)

where Yco,uc designates the mass fraction of
combined CO and HC species.

Equation (8) is the current model expression
used to provide information on CO emissions.
We consider Eq. (8) as an intermediate stage on
the route of CO predictions; for instance, the fact
that the variable Yco,uc does not differentiate
between CO and HC mass remains a significant
problem since both carbon monoxide and
unburnt hydrocarbons are produced in large
quantities in under-ventilated compartment fires
[7-10]. Also, as mentioned above, the modeling
of Y based on Eq. (7) remains crude. In the fol-
lowing, we accept these limitations and proceed to
perform validation tests of the current formula-
tion. The validation tests are based on FDS simu-
lations of a reduced-scale compartment fire
configuration.

3. LES simulations of a small-scale compartment
fire experiment

3.1. Experimental configuration

The experimental set-up corresponds to a
reduced-scale compartment that communicates
to the exterior through an adjustable wall vent
arrangement (Fig. 2). The compartment size is
(40 x40 x 40) cm’. The wall vent arrangement
consists of two vents of equal size located at the
top and bottom of one of the compartment verti-
cal walls. The vents width varies between 2 and
40 cm; the vents height varies between 1 and
3 cm. The fire is fueled by a round-shaped heptane
pool located at the center of the compartment
floor. The fuel pans are containers of different
size, with diameters ranging from 6.5 to 19 cm.

The compartment is instrumented with sensors
and probes that provide the time history of the
fuel mass loss rate (MLR), of local temperatures
and surface heat fluxes at different locations, and
of local floor- and ceiling-level concentrations of
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Fig. 2. Schematic half-view of the experimental configuration. In our choice of coordinates, z measures vertical
elevation; x and y measure horizontal distance from the center of the fuel pan (x = 0.2 is the vented wall location).

important chemical species, such as O,, CO, and
CO. Details about the compartment instrumenta-
tion may be found in Refs. [20,21].

A wide variety of flame behaviors is observed
in the experimental database, as reported in Refs.
[20,21]. These flame behaviors belong to one of
the following four categories [22]: (R1) steady
well-ventilated fires in which the flame is stabilized
above the burner; (R2) steady under-ventilated
fires in which the flame is stabilized near the vents;
(R3) unsteady under-ventilated fires featuring
large periodic oscillations and temporary flame
quenching; (R4) unsteady under-ventilated fires
leading to complete flame extinction. The main
parameter that controls transition from one flame
regime to the other has previously been identified
as the fire room GER. In short, regime R1 corre-
sponds to small values of GER; regime R4 to
large values of GER; and regimes R2 and R3 to
intermediate, near-stoichiometric values.

It is worth noting that in small-scale compart-
ment fires, the weight of thermal losses experi-
enced by the fire gases is somewhat artificially
increased, and ceiling layer temperatures are typi-
cally lower than those observed in large full-scale
tests. In the experimental database of Refs.
[20,21], ceiling layer temperatures remain below
800-900 K. These moderate temperature levels
are below those required for the activation of
the kinetically-controlled CO formation mecha-
nism (mechanism (2)) discussed in Section 1.

Also, we focus our discussion in Section 3.3 on
two cases from the experimental database, cases 2
and 4 in the nomenclature adopted in Ref. [22].
The two cases differ due to variations in vent size

and fuel surface area; the cases are representative
of the flame regimes R2 and R4 listed above; they
are also representative of mechanisms (1) and (3)
of CO formation.

3.2. Numerical configuration

The calculations are performed using FDS,
Version 4.05 [18]. The computational domain cor-
responds to two non-overlapping blocks of equal
size, corresponding to the fire compartment and
to the adjacent exterior air space. The computa-
tional grid in each block corresponds to a uniform
rectangular mesh; the mesh size is (80 x 80 x 80),
which corresponds to cubic grid cells with a
0.5 cm spacing. Further details about the design
and suitability of the numerical configuration
and computational grid may be found in
Ref. [22]. Simulations are performed on a
multi-processor Linux machine, using the parallel
MPI-based version of FDS.

Note that the FDS calculations correspond
here to a simplified treatment of the fuel mass loss
rate: a prescribed-MLR treatment in which the
time history of MLR is directly taken from the
experimental database and treated as an input
variable.

3.3. Results

We start our discussion with case 2 and com-
pare the experimental data to the prescribed-
MLR computational results (Fig. 3). Case 2 is
representative of regime R2 in which the com-
bustion becomes oxygen-limited, and the flame
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Fig. 3. Case 2: vent height x width = 1 x 40 cm?; fuel pan diameter = 16 cm. Fig. 3a: experimental MLR (piecewise
linear line) and simulated BR (oscillating line) vs time. Fig. 3b: experimental CO mole fraction (symbols) and simulated
(CO/HC) mole fraction (solid line) vs time, near-ceiling location. Bottom plots: instantaneous isocontour plots of
simulated Z (Fig. 3c) and Y co nc (Fig. 3d), y = 0 plane, = 100 s. The fuel pan is visualized as a white rectangle located

at floor level at —0.08 < x < 0.08 m.

detaches from the fuel pan and successfully
stabilizes near the compartment lower vent. In
the fully-developed stage of the fire, GER ~ 3.5.
Figure 3a indicates that the fuel MLR (per unit
surface area) increases to approximately 25 g/s/m>.
Note that the total mass of heptane used in the
experiment is finite, and that given the observed
value of MLR, the burn duration is approxi-
mately 250 s.

Figure 3a also compares the time variations
of MLR with those of the burning rate BR;
the burning rate is defined as: BR =
(f [ [, da dV)/(AHgAF), where V is the volume
of the compartment and A the fuel source area;
BR is obtained from the LES solution. Under
over-ventilated fire conditions, and in absence of
flame extinction, the totality of the vaporized fuel
mass is consumed by the turbulent flame and in a

time-averaged sense, BR ~ MLR. In contrast,
under oxygen-limited conditions, the flame cannot
consume all the incoming fuel, and excess fuel
mass either accumulates in the fire room or is
convected out through the upper vent. Under such
conditions, BR <MLR. Previous simulations
performed without flame extinction [22]
have shown that transition from over- to
under-ventilation takes place at time ¢~ 30s.
Also, comparisons between simulations per-
formed with and without flame extinction suggest
that in case 2, the impact of flame extinction is
limited to transient quasi-stoichiometric fire
conditions, around ¢~ 30s (during fire growth)
and ¢ ~ 230 s (during fire decay). In the fully-de-
veloped stage of the fire, the flame is located near
the lower vent and is simply not exposed to
vitiated air.
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Figure 3c presents an instantaneous snapshot
of mixture fraction taken from the LES solution.
The snapshot is taken at an arbitrarily chosen
time and the isocontours are plotted in the central
vertical plane of the compartment that cuts
through the fuel pan and the vents. The stoichi-
ometric isocontour (Z ~ 0.062) may be used to
identify the LES flame location: in Fig. 3¢, this
contour is highlighted as a black solid line. It is
seen that the flame now stands away from the fuel
pan and in the proximity of the air stream coming
in through the lower vent.

Figure 3b presents the time variations of CO
mole fraction, as measured from the ceiling-level
probe (Fig. 2), and compares these variations to
those of the simulated combined CO/HC mass.
It is seen that the CO levels are quite high for this
case, up to approximately 3%. As previously dis-
cussed, once located at the lower vent, the flame
is well-ventilated and remains extinction-free.
We therefore believe that the CO mass in
Fig. 3b is produced by the flame-based kinetics
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mechanism (mechanism (3)) discussed in Section 1.
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results show reasonable agreement with the exper-
imental data.

Figure 3d presents an instantaneous snapshot
of the simulated CO/HC mass, in a plane and at
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We now turn to case 4 (Fig. 4). Case 4 is rep-
resentative of regime R4 in which the combustion
experiences complete extinction. The asymptotic
steady-state value of GER is above 10. Figure 4a
indicates that the fuel MLR abruptly decreases
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and without flame extinction suggest that in case
4, flame extinction events play a dominant role
and account for the differences between MLR
and BR observed in Fig. 4a. For ¢ > 20 s, about
half of the fuel mass that is vaporized does not
burn, and total quenching is observed before
MLR goes to 0.

Figure 4c presents an isocontour plot that is
similar to Fig. 3c, with the difference that a dif-
ferent range of isolevels has been selected and
that the flame contour is now highlighted as a
white solid line. At ¢t =35s, the flame features
a classical cone-like shape, and is attached to
the fuel pan.

Figure 4b presents the CO data at the ceiling-

level probe location. It is seen that the CO levels
are much lower than in case 2, and are on the
order of a few hundred ppm. Note that the resolu-
tion of the CO gas analyzer is 100 ppm and as a
result, the CO measurements display step-like
variations in Fig. 4b. As mentioned above, the
flame remains over-ventilated in case 2 but is also
overwhelmed by flame extinction. We therefore
believe that the CO mass in Fig. 4b is produced
by the flame extinction mechanism (mechanism (1))
discussed in Section 1. The computational results
are seen to over-predict the experimental measure-
ments, a result that may still be acceptable since
the LES model provides information on combined
CO/HC mass, while the gas analyzer measures CO
only.
__ Figure 4d presents the spatial distribution of
Ycoinc at t =35 s. Peak CO values are found to
occur in the flame region. The CO/HC mass that
leaks through the flame at extinction locations
accumulates in the ceiling layer before being con-
vected away through the upper vent.

4. Conclusion

The present study is aimed at adapting current
LES capabilities to a description of under-venti-
lated compartment fires, with an emphasis on air
vitiation effects and CO formation. Two new
models are considered: a flame extinction model
based on a flammability diagram parametrized
in terms of vitiated air properties; a CO/HC mass
model based on a transport equation for fuel
mass, and a comparison of this fuel mass to a
Burke-Schumann chemical-equilibrium expres-
sion. The new models are tested via detailed com-
parisons with an experimental database
corresponding to a reduced-scale compartment
fire configuration.

Two cases are studied in detail; these cases
correspond to a steady under-ventilated fire in
which the flame is stabilized near the vents (case
2 in our nomenclature), and an unsteady
under-ventilated fire leading to complete flame
extinction (case 4). CO formation in case 2 is

believed to be dominated by a mechanism associ-
ated with flame-based kinetics; this mechanism is
similar to that responsible for CO emissions in
under-ventilated, normal or inverse, laminar diffu-
sion flames. CO formation in case 4 is believed to
be dominated by flame extinction. The compari-
sons between computational results and experi-
mental data are found to be encouraging,
although the CO formation model remains quali-
tative in many ways. The model also remains lim-
ited in scope since it neglects an additional CO
formation mechanism that corresponds to distrib-
uted reaction in the hot ceiling layer.
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done any numerical modeling of the enclosures of heat
fires to see if you can predict CO rise near a GER of
0.5 and plateau for GER > 2? Is temperature a function
of mixture fraction? Do you account for heat loss due to
radiation?

Reply. With respect to your first question, we are cur-
rently performing a new series of simulations that corre-
spond to classical hood experiments taken from the
literature with the intent of reproducing the increase in
CO yield observed for values of the global equivalence
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pp. 281-295.
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Benjamin/Cummings, 1985.

[25] D. Veynante, L. Vervisch, Prog. Energy Combust.
Sci. 28 (2002) 193-266.

[26] T. Poinsot, D. Veynante, Theoretical and Numerical
Combustion, second ed., Edwards, 2004.

[27]1 C. Beyler, SFPE Handbook of Fire Protection
Engineering, National Fire Protection Association,
third ed., 2002, pp. 2-172, 2-187.

ratios (GER) above 0.5 and the approximately constant
value of the CO yield observed for GER values above 2.
We agree that these simulations are a key step in estab-
lishing the performance of the CO formation model.

With respect to your second question, temperature is
not a sole function of mixture fraction as it is also deter-
mined by convective and radiative heat losses.

With respect to your third question, we do account in
the simulations for thermal radiation transport via a
solution of the radiative transfer equation (RTE). The
radiation model used in the present simulations assumes
gray gas properties.
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