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ABSTRACT

A two-step combustion model is proposed for predicting carbon monoxide in under-ventilated compartment
fire simulations. The scheme consists of a relatively fast first step that converts most of the carbon in the
fuel molecule to CO with the remainder going to soot precursors, and a relatively slow second step in which
the CO and soot are oxidized to form CO,. Both steps are mixing-controlled and performed serially rather
than in parallel to account for the difference in reaction rate. Validation calculations are described, ranging
from a laminar diffusion flame to full-scale under-ventilated compartment fires.
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MODEL DESCRIPTION

There are several challenges in computational fluid dynamics (CFD) modeling of under-ventilated
fires. First, there is the issue of grid resolution. A typical large-scale fire simulation is performed on
a numerical grid with cells on the order of 10 cm or greater, and the resolved temperature field is too
coarse to allow detailed kinetic modeling of products of incomplete combustion. Second, in a real
fire event the fuel gas is a complex mixture of many different species for which little information is
available as input to a fire model.

A partial solution to these problems is to exploit empirical sub-models that are relatively insensitive

to temperature and fuel type. Such is the case for a single-step, mixing controlled combustion model,

where the user specifies post-flame yields of CO and soot in lieu of predicting their creation and

oxidation within the flame envelop. In the Fire Dynamics Simulator (FDS), the consumption rate of
- 11

fuel gas, i, is modeled using the Eddy Dissipation Concept (EDC) of Magnussen and Hjertager [1,
2]:

W= —p min(Yg,Ya/s) 0
Tmix

where p is the gas density, Yr and Ya are the cell mean mass fractions of fuel and air, respectively,
and s is the mass stoichiometric coefficient for air. The mixing time, Ty;x, is taken as the fastest of the
three physical processes of diffusion, 7y, subgrid-scale advection, 7,, and buoyant acceleration, T,
which scale differently with the filter width, A, as shown in Fig. 1 [3]. The upper bound of the mixing
time, Tgame, 1S the inverse of the fundamental or “puffing” frequency of the fire. The lower bound,
Tehems 1S the actual chemical reaction time.

The default mixing-controlled, single-step combustion model in FDS works well for well-ventilated
fires where the objective is to predict the transport of smoke and hot gases, but it is not appropriate for
under-ventilated compartment fires or near-field radiation emission, extinction, and other detailed fire
phenomena. The most logical extension of the single-step model is a two-step model suggested by
Westbrook and Dryer [4] in which CO is produced in a relatively fast first step, and then oxidized to
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Fig. 1. Reaction time scale model. The symbols 7y, 7,, and 7, are the mixing time scales associ-
ated with diffusion, advection, and buoyancy, respectively. The filter width is denoted by A. The
Kolmogorov scale, 17, denotes the length scale of the smallest turbulent eddies [3].

CO in a slower second step. Using simple stoichiometry to illustrate the idea, propane could undergo
the following two-step reaction:

CHg+20, — 2CO+C+H+2H2+2H;0 2)
2CO+C+2H+30, — 3CO2+2H,0 3)

The stoichiometric coefficients 2 for CO and 1 for C in the first step are chosen simply to demonstrate
the basic idea; they do depend on the fuel type. A discussion of this dependency is at the end of
this section. The carbon, C, and hydrogen H, included in the first step represent all the intermediate
species other than CO and water vapor that are formed early in the process. In a typical fire simulation
the exact stoichiometry of the fuel molecule is unknown and taken as an effective mixture of the
principal combustibles. The two reactions are assumed to be mixing-controlled and temperature-
independent. To account for the fact that the first reaction is relatively fast compared to the second, the
reactions occur serially. That is, in a given discrete time step, the available oxygen first reacts with any
fuel present, forming soot precursors, CO, and water vapor. If any oxygen remains, it is free to oxidize
the soot, CO, and Hj. It is the availability of oxygen and rate of mixing that determine the progression
of the reaction, not temperature. Under well-ventilated conditions, these multiple reactions typically
occur within a single time step, which is essentially the one-step, mixing-controlled model. However,
in under-ventilated conditions, some soot, CO, and H, remain when there is not enough oxygen
present.

There are two obvious questions. First, how are the fuel’s carbon and hydrogen atoms distributed in
the first step, and second, are soot, CO, and H; created and oxidized at the same rate, as the simple
scheme suggests? Measurements made by Falkenstein et al. [5], discussed below, indicate that near
the base of lightly sooting pool fires of acetone, ethanol, and propane, the mass ratio of CO to soot
ranges from about 50 to 100, while measurements by Koylii and Faeth [6] indicate that this ratio drops
to approximately 0.4 beyond the flame envelop. Neither of these measurements can be predicted using
this simple two-step scheme. Instead, the ratio of CO to soot must be specified at the start and end of



the combustion cycle. In practice, this leads to the generalized scheme:

CyHyO,Ny +vo,1 02 — vy, 1 Hy+vh,0,1 HoO+veo,1 CO+ vs 1 Soot+ V,.1 No 4)
Int. Prod.
Int. Prod. +v0,2 02 — Vco, CO2 4+ VH,0,2 Ho O+ vco 2 CO + vs 5 Soot 4 v, 2 No ®))

It is assumed in the model that most of the fuel’s carbon atoms are converted to CO in the first step,
depending on the fuel’s propensity to soot, as indicated by its smoke point, soot yield, or radiative
fraction, all of which are correlated [7]. Based on the limited experimental measurements discussed
below, the fraction of carbon atoms in the fuel molecule that form CO in the first step is assumed
to be in the range of 0.9 to 1.0 for “clean” fuels like methane, methanol, and ethanol; 0.8 to 0.9 for
lightly sooting fuels like acetone, 0.7 to 0.8 for moderately sooting fuels like propane, and 0.6 to 0.7
for “dirty” fuels like toluene and heavy hydrocarbons. As will be seen from the validation studies
below, the predictions are far from perfect, but at least they hold the promise of providing some way
to model CO in under-ventilated fire scenarios where the precise fuel stoichiometry is not known, but
there is some information about the smoke production rate, which is usually high in a real fire burning
modern synthetic furnishings.

Because this scheme is limited to two steps to reduce computing time, the handling of soot is very
crude. Soot and CO are not generated, transported, and oxidized together as suggested by Eq. (3).
Rather, soot precursors are formed relatively early and undergo a far more complex process to form
solid particulate. Nevertheless, soot is crudely represented as the carbon, C, that eventually forms soot
and does not participate in forming CO. As will be shown in the examples below, the concentration of
CO in an under-ventilated compartment fire is limited by the supply of oxygen, not carbon; thus, the
exact distribution of the carbon atoms in the fuel is not a critical input parameter for compartment fire
simulations.

VALIDATION CASES

Even though the objective of this simple two-step combustion model is to predict the CO concen-
tration in large-scale, under-ventilated compartment fires, it is still worthwhile to compare model
predictions against measurements made in simple laboratory burner experiments. In the FDS Vali-
dation Guide [8], there are a variety of case studies that employ the two-step model, ranging from a
laminar diffusion flame simulation performed as a direct numerical simulation (DNS) (resolution on
the order of 1 mm) to full-scale simulations of flashed-over compartments (10 cm resolution). The
over-ventilated cases are important for two reasons. First, real fires are well-ventilated at the start, and
it is important to demonstrate that the two-step reaction scheme essentially acts like the single-step
scheme when adequate oxygen is present. Second, one can consider the region within the flame en-
velop to be an oxygen-limited environment where one can readily observe the creation and oxidation
of CO and soot.

Note that in the figures below, the character string above the plot identifies the version of the FDS
source code.

Smyth Slot Burner Experiments

Smyth et al. [9, 10] conducted diffusion flame experiments at NIST using a methane/air Wolfhard-
Parker slot burner, which consists of an 8 mm wide central slot flowing fuel surrounded by two 16 mm
wide slots flowing dry air with 1 mm separations between the slots. The slots are 41 mm in length.
Measurements were made of all major species and a number of minor species along with temperature
and velocity.



Two-dimensional simulations of this experiment are performed using two different combustion mod-
els at two different grid resolutions, 0.250 mm and 0.125 mm. The first model is a modified version
of the two-step mechanism by Andersen et al. [11] where the first reaction is assumed to be infinitely
fast followed by a reversible CO to CO, reaction modeled with Arrhenius kinetics. As discussed by
Westbrook and Dryer [4], the kinetic constants for the reduced CO mechanism may be model depen-
dent. Here, the Arrhenius constant for the forward CO to CO; reaction is tuned to match the Smyth
experimental data.

A second set of simulations is run at the same two spatial resolutions, using the two-step reaction
scheme described above, where only CO and no soot is generated in the first reaction step. Of interest
here is that the time step size for the finer grid simulation is comparable to the chemical time scale
which is on the order of & /s, the flame thickness divided by the laminar flame speed. This means
that the use of “fast chemistry” at these time and length scales becomes questionable. Nevertheless,
the results of the simple two-step scheme are encouraging, as shown in Fig 2. The fact that the CO
concentration is predicted reasonably well by both the finite rate and infinite rate reaction schemes
means that there is promise that the two-step fast chemistry model can work over a wide range of
length scales.
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Fig. 2. Predicted and measured CO; and CO 11 mm above a Wolthard-Parker methane-air slot burner.
Predictions are shown for two different grid resolutions (0.25 mm and 0.125 mm) and two different
reaction schemes (Finite Rate [11] and Fast chemistry) .

NIST Pool Fire Species Measurements

Falkenstein-Smith et al. [5] measured the time-averaged centerline species concentrations within the
flaming region of 30 cm pool fires of acetone, ethanol, methane and propane. The measurements were
made using a gas chromatograph/mass spectrometer system (GC/MSD). The volume fraction of each
species was calculated via the number of moles identified by the GC/MSD at each centerline point.
Soot mass fractions were measured during the gas sampling process.

The numerical simulations are conducted at three different grid resolutions—2 cm, 1 cm, and 0.5 cm.
For all cases, it is assumed, without any theoretical justification, that 50 % of the hydrogen atoms in
the fuel are converted to Hj in the first step, and the remainder form H;O. It is also assumed that 95 %
of the carbon atoms in the methane fuel molecule form CO in the first reaction step, 95 % for ethanol,
75 % for propane, and 80 % for acetone. Figure 3 displays comparisons of mean centerline profiles
of CO and soot for the four fuels.
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Fig. 3. Centerline CO and soot profiles for acetone, ethanol, methane and propane for three grid
resolutions, 0.5 cm, 1 cm, and 2 cm.



University of Maryland Line Burner Experiments

Experiments have been performed at the University of Maryland (UMD) by White et al. [12] using
a burner consisting of a 50 cm by 5 cm fuel slot surrounded by a co-flowing air stream. Controlled
suppression of the flame is achieved via the gradual introduction of nitrogen into the co-flowing air
stream.

Simulations of the experiments are performed at three grid resolutions: 12.5 mm, 6.25 mm, and
3.125 mm, using 24, 164, and 204 meshes respectively. A snapshot of the fine resolution simulation is
shown in Fig. 4. For both the methane and propane fires, it is assumed that 2 moles of CO are produced
for every mole of C (soot). The choice does have an affect on the predicted radiative fraction of the
fire and the heat flux to the radiometer because the more soot generated in the first step, the greater
the radiative fraction.

Fig. 4. Photograph of the University of Maryland Line Burner Experiment [12] (left) and the corre-
sponding FDS simulation (right).

Extinction of the fire is achieved using the critical flame temperature concept, which is the default
extinction model in FDS. The CFT is 1507 °C for methane and 1447 °C for propane [13]. In addition,
combustion is suppressed below the auto-ignition temperatures of 540 °C and 450 °C for methane
and propane, respectively, except in a small volume just above the burner where the fuel is allowed to
burn on contact with oxygen. This is a simple way to simulate the effect of a spark igniter. A plot of
combustion efficiency versus oxygen concentration in the oxidizer stream is shown in Fig. 5.
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Fig. 5. UMD Line Burner combustion efficiency, 1, as a function of oxygen concentration in the
oxidizer stream. The simulations were performed at three grid resolutions, 1.25 cm, 0.625 cm, and

0.3125 cm.



In the experiments discussed here, soot and CO were not measured. However, the heat flux to a
distant radiometer was used to estimate the radiative fraction. In the FDS simulations, the radiative
fraction is not specified but rather predicted based on the computed flame temperature and gray gas
radiation model, RadCal. As seen in Fig. 6, the radiative fraction decreases with decreasing oxygen
concentration in the oxidizer stream. This is a remarkable result because the simple two-step reaction
scheme is able to predict the decrease of soot and CO within the flame envelop as the oxygen stream
is diluted. In the experiment, as the co-flow was diluted with more and more nitrogen, the flame color
changed from yellow to blue as the in-flame soot volume fraction apparently decreased. A next step
will be to try to reduce the grid-dependence of the simulations. Even though the two-step combustion
scheme is temperature-independent, the predicted radiation emission is not.
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Fig. 6. A comparison of the measured and predicted radiative fraction of the flame in the University
of Maryland line burner experiments.

NIST Reduced Scale Enclosure Experiments, 1994

The NIST Reduced Scale Enclosure (RSE) was a 40 % scale version of the ISO 9705 compart-
ment [14]. It measured 0.98 m wide by 1.46 m deep by 0.98 m tall. A door, centered on the smaller
wall, was 0.48 m wide by 0.81 m tall. A 15 cm diameter natural gas burner was positioned in the cen-
ter of the compartment. The fires ranged from 50 kW to 600 kW. Species measurements, including
CO concentration, were made near the ceiling in the front and back of the compartment.

Figure 7 shows the measured and predicted CO concentrations. The measurements were made 10 cm
below the ceiling and 30 cm from the left side wall. The front position was 10 cm from the wall with
the door; the back position was 30 cm from the rear wall. The simulations are run at three resolutions,
for which the “resolution index” (RI), D*/dx, is 5, 10, and 20. In all cases, it is assumed that 2 moles
of CO are produced in the first reaction step for every 1 mole of C (soot).

NIST Full Scale Enclosure Experiments, 2008

The NIST Full Scale Enclosure Experiments were conducted in an ISO 9705 compartment [15]. The
compartment was 2.4 m wide by 3.6 m long by 2.4 m high with a 2 m high door at one end. The door
width varied between 0.1 m and 0.8 m. The experiments were designed to study the effects of fuel
type, fuel distribution, and vent size in under-ventilated compartment fires. Twenty-seven experiments
have been simulated, which include 7 different fuels (natural gas, heptane, toluene, nylon, propanol,
propylene, and styrene) and 4 ventilation openings. Peak heat release rates range from approximately
100 kW to 2.5 MW. Species concentrations and temperature measurements were made at the front
and rear of the compartment.
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Fig. 7. Comparison of measured and predicted CO concentration, NIST RSE experiments.
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Fig. 8. Summary NIST Full-Scale Enclosure Experiment, Test 9, heptane fuel.

In all simulations, it is assumed that 2 moles of CO are produced in the first reaction step for every 1
mole of C (soot). The simulations are all run with 10 cm resolution. Figure 8 shows the results from
one experiment. Notice that the concentrations of CO and unburned hydrocarbons (UHC) increase
substantially just as the oxygen concentration decreases to zero. The simple two-step model mimics
this behavior because these relatively high concentrations of CO and UHC are the consequence of
lack of oxygen. A more detailed model might predict, for example, the gradual increase in CO over
the course of the 8 min period of under-ventilation which the simple two-step model does not capture.



Figure 9 compares the measured and predicted peak CO concentration in the NIST reduced and full-
scale compartment fire experiments. The fuels in these experiments ranged from “clean” natural gas
to “dirty” toluene.
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Fig. 9. Measured vs. predicted CO concentration for compartment fires. Note that NIST RSE 2007
refer to experiments very similar to the NIST RSE 1994 experiments, but with a variety of fuels other
than natural gas.

CONCLUSION

A relatively simple two-step combustion model has been proposed for practical, large-scale fire sim-
ulations. The scheme is designed to predict the increased CO concentration in under-ventilated com-
partment fires for which the exact stoichiometry of the fuel molecule is unknown, the numerical grid is
potentially tens of centimeters, and flame temperatures and local strain rates are unresolved. The sim-
ulations described in this paper are performed on numerical grids ranging from 0.125 mm to 10 cm,
nearly three orders of magnitude.

There are certainly limitations of this approach, most notably the fact that CO and soot follow con-
siderably different paths from creation to oxidation. However, in most cases, the aim of the fire
simulation is to identify conditions under which the fire becomes starved of oxygen and generates
increased amounts of these by-products. Full-scale compartment experiments have demonstrated that
the two-step model can identify when under-ventilation sets in, and can predict to some extent the
increased CO concentration within the enclosed space. The uncertainty in the model prediction is
commensurate with the uncertainty in the composition of the fuel gas species.
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