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New skeletal chemical kinetic models have been obtained by reducing a detailed

model for the gas-phase combustion of Douglas Fir pyrolysis products. The skeletal

models are intended to reduce the cost of high-resolution wildland fire simulations,

without substantially affecting accuracy. The reduction begins from a 137 species, 4,533

reaction detailed model for combustion of gas-phase biomass pyrolysis products, and is

performed using the directed relation graph with error propagation and sensitivity analysis

method, followed by further reaction elimination. The reduction process tracks errors

in the ignition delay time and peak temperature for combustion of gas-phase products

resulting from the pyrolysis of Douglas Fir. Three skeletal models are produced as a result

of this process, corresponding to a larger 71 species, 1,179 reaction model with 1%

error in ignition delay time compared to the detailed model, an intermediate 54 species,

637 reaction model with 24% error, and a smaller 54 species, 204 reaction model with

80% error. Using the skeletal models, peak temperature, volumetric heat release rate,

premixed laminar flame speed, and diffusion flame extinction temperatures are compared

with the detailed model, revealing an average maximum error in these metrics across

all conditions considered of less than 1% for the larger skeletal model, 10% for the

intermediate model, and 24% for the smaller model. All three skeletal models are thus

sufficiently accurate and computationally efficient for implementation in high-resolution

wildland fire simulations, where other model errors and parametric uncertainties are likely

to be greater than the errors introduced by the reduced kinetic models presented here.

Keywords: combustion, chemical kinetics, Douglas Fir, biomass, computer simulations

1. INTRODUCTION

In order to reduce the computational cost of high-fidelity numerical simulations of wildland
fire, computationally efficient—yet still physically accurate—reduced chemical kinetic models are
required for the prediction of gas-phase combustion. In this paper, we present three such skeletal
models for the combustion of gas-phase products resulting from the pyrolysis of Douglas Fir.
The computational savings enabled by these models are substantial when compared to detailed
models, making the skeletal models suitable for wildland fire simulations spanning large spatial
and temporal scale ranges.

The need for such scale-resolving simulations arises from the considerable environmental and
economic cost of wildland fires, as well as the difficulty in establishing future mitigation and
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avoidance strategies. It is anticipated that climate change will
contribute to increased wildland fire activity, particularly in
the Western U.S. (Barbero et al., 2015; Westerling, 2016),
further increasing the importance of simulations in fire
management efforts.

Predicting wildland fires using computational models
remains, however, an inexact science. Such models can generally
be divided into two categories: semi-empirical operational
models used for nearly real-time incident response, and
physics-based models used to understand the dynamics of fire
spread (Coen et al., 2013). Although there is a growing trend
in wildland fire research toward physics-based models (Linn
et al., 2002, 2010; Sullivan, 2009; Mell et al., 2010; Morvan,
2011), these models remain limited by the daunting challenge
of incorporating the physics of wildland fuel combustion in
landscape-scale numerical simulations that are coupled to
atmospheric dynamics and weather (Coen et al., 2013).

As a possible solution to this challenge, high-resolution
numerical simulations at much smaller scales (e.g., 10 m and
below) can, in principle, be used to develop improved subgrid-
scale models for landscape-scale wildland fire simulations. As the
scale of the simulations decreases, however, there is a greater
need to more accurately model all relevant small-scale chemical
and fluid processes. To adequately model fire spread, simulations
must be able to resolve small-scale turbulent mixing, as well
as capture the pyrolysis and subsequent gas-phase combustion
of geometrically complex and spatially heterogeneous wildland
fuels. The challenge of resolving turbulence can be addressed
through advanced computational techniques such as adaptive
mesh refinement (Wimer et al., 2019a,b), but the chemical models
used for pyrolysis and combustion must be sufficiently detailed
without significantly increasing the computational cost.

Although typical biomass pyrolysis models are not excessively
large, gas-phase combustion models routinely involve hundreds
or even thousands of different species and reactions. For
example, Ranzi et al. (2008) have provided a gas-phase biomass
combustion model—which is the basis for the present skeletal
models—that contains 4,533 reactions and 137 species. Skeletal
and other reduced models are typically an order of magnitude
smaller. The widely-used multi-step DRM19 kinetic model,
for instance, is a 19 species (plus N2 and Ar), 84 reaction
reduced model for methane combustion based on GRI-Mech 1.2
(Kazakov and Frenklach, 1995).

In the following, we outline the development of three new
skeletal chemical kinetic models for gas-phase combustion of
Douglas Fir pyrolysis products. The three models are targeted
at large-scale simulations on high-performance computing
resources, but are intended to provide three different levels of
accuracy and computational cost. Users may thus choose the
model best suited to their needs and available computational
resources. All skeletal mechanisms include a similar number of
species (i.e., 71 and 54 species), but have vastly different numbers
of reactions (i.e., 1,179, 637, and 204 reactions).

The skeletal models are obtained by reducing the detailed
chemical kinetic model for gas-phase biomass combustion from
Ranzi et al. (2008). The reduction is performed using the directed
relation graph with error propagation and sensitivity analysis

method in a perfectly stirred reactor. We then show that all three
skeletal models introduce relatively small errors, as compared
to the detailed model, for various properties of premixed and
diffusion flames.

The paper is organized as follows. In the next section, we
outline the detailed model and reduction procedure, followed
by a presentation of results from the three new skeletal models.
Finally, we provide conclusions at the end.

2. METHODOLOGY

The overall reduction procedure tracks errors in ignition delay
time and peak temperature in a constant-pressure, fixed volume
perfectly stirred reactor (PSR) for the combustion of gases
resulting from the pyrolysis of Douglas Fir. In the following, we
describe the model and procedure used to obtain the Douglas
Fir pyrolysis products, followed by descriptions of the detailed
chemical kinetic model and the reduction process.

2.1. Pyrolysis Model
The pyrolysis kinetic model is that of Debiagi et al. (2015),
which includes extractives and is a refined version of the model
published by Corbetta et al. (2014). The model involves 28
reactions and 47 species (including volatile, non-volatile, and
condensed phase species) and provides pathways for the thermal
decomposition of the three main polymer components of wood:
cellulose, hemicellulose, and lignin, in addition to two extractives.
It predicts light fractions directly, while heavy fractions are
described by lumped species. The advantage of using this model
is that the gaseous lumped product species correspond to those
in an associated gas-phase detailed kinetic model (Ranzi et al.,
2008), which is the starting point for the model reduction
performed here. Of the 47 species in the pyrolysis mechanism,
18 are gaseous or volatile.

The major components of wood are polymers, and the
pyrolysis model reflects this by starting with de-polymerization
reactions, although in a highly simplified manner. Cellulose
is assumed to transform into active cellulose; i.e., a reactive
form that leads to the monomeric form and other products
like levoglucosan. Hemicellulose is assumed to decompose
into intermediate species HCE1 and HCE2 that successively
decompose with different activation energies, with different
propensities to char. Lignin is assumed to be composed of
LIG-C, LIG-O, and LIG-H (carbon, oxygen, and hydrogen
rich derivatives of the β-O-4 molecule, respectively), that then
decompose into intermediate components that lead to other
products (Ranzi et al., 2008).

Extractives extend the applicable types of biomass that can
be represented with this kinetic model. Previous versions of
the pyrolysis mechanism (e.g., Corbetta et al., 2014) were only
valid for specific types of biomass, depending on their carbon
and hydrogen makeup. Extractives fall into two categories:
hydrophilic and hydrophobic. Debiagi et al. (2015) chose to use
a tannin (TANN) as the hydrophilic extractive and a triglyceride
(TGL) as the hydrophobic extractive.
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TABLE 1 | Weight percentages of the main components of Douglas Fir, including

molecular structures.

Molecule Structure Weight percentage

Cellulose C6H10O5 44.06

Hemicellulose C6H8O5 22.01

LIG-C C15H14O4 4.73

LIG-H C20H22O10 12.05

LIG-O C22H28O9 10.89

TANN C15H12O7 1.26

TGL C57H100O7 5.01

2.2. Douglas Fir Pyrolysis Products
To carry out reduction of the gas-phase kinetic model, a realistic
set of gas-phase pyrolysis products is required as input to the
gas-phase calculations. Therefore, we have run simulations using
the pyrolysis model described in the previous section over a
range of times and temperatures. This requires selecting a target
wood species to work with, since the initial concentrations of
cellulose, hemicellulose, and lignin vary by species. We have
selected Douglas Fir because of its widespread availability and
native presence in the Rocky Mountain region. We obtained the
initial mole fractions of cellulose, hemicellulose, LIG-C, LIG-H,
LIG-O, TANN, and TGL for Douglas Fir from Debiagi et al.
(2015), Faravelli et al. (2010), and Schwetz and Lipp (1985);
Table 1 lists these in terms of weight percentages.

The pyrolysis model is solved using an experimentally
measured temperature time series (shown in Figure 1) as
input. In the experiments, Douglas Fir samples were heated
with a cone-calorimeter while simultaneously measuring surface
temperature (via an infrared camera), gas temperature, and
H2O mole fraction. The latter two quantities were measured
using dual-frequency comb laser diagnostics (Schroeder et al.,
2017). Since the model describes pyrolysis (i.e., decomposition
at high temperature in the absence of air), an approximately
stoichiometric amount of air was assumed for comparison
with the experimental dataset. The formation of pyrolysis
gases is modeled using the surface temperature measured
by the infrared camera, prior to any combustion occurring.
More extensive details on the experiments are available in
Makowiecki et al. (in preparation).

Figure 1 shows the evolution of the top five gaseous pyrolysis
products as a function of time; at 80 s, these species account
for approximately 74% of the total moles in the gas-phase. This
figure indicates that the pyrolysis model accurately captures the
production of H2O vapor measured experimentally.

2.3. Detailed Combustion Model
The detailed gas-phase kinetic model bio1412 from the
CRECK modeling group is used as the starting point for the
reduced skeletal models. This model is publicly available at the
website http://creckmodeling.chem.polimi.it, with verification
data given by Ranzi et al. (2008). The model contains 4,533
reactions and 137 species and is built upon earlier work from the
CRECK group (Ranzi et al., 2001). Although this model has been
shown to give good agreement for the gas-phase combustion of

FIGURE 1 | Mole fraction time series of the five most prevalent (by mole

fraction at 80 s) gaseous pyrolysis products (indicated by lines) and the

corresponding experimentally measured H2O mole fraction (indicated by open

circles). The normalized experimental temperature time series is also shown

(black dashed line), where Tmax = 639 K.

solid fuel pyrolysis gases (Ranzi et al., 2008), it is generally too
large for inclusion in already demanding simulations of wildland
fire. Consequently, in the following we reduce this model to a size
that is appropriate for high-fidelity numerical simulations.

2.4. Reduction Methodology
The CRECK detailed gas-phase combustion model is reduced
using theModel Automatic Reduction Software (MARS) package
(Niemeyer et al., 2010; Niemeyer and Sung, 2011, 2014, 2015).
The reduction employs the directed relation graph with error
propagation (DRGEP) and sensitivity analysis (SA) methods,
followed by reaction elimination, which Niemeyer and colleagues
have shown to be effective for reducing various surrogate
fuel models.

Briefly, the process begins by applying DRGEP, which
determines the importance of each species to the production
or consumption of chosen target species (e.g., fuel, oxidizer,
important pollutants). Next, a “greedy” SA removes individual
species one-by-one and evaluates the error induced; it removes
the species that least affect error and repeats the process
on the remaining species until reaching the specified error
limit. The error limit is determined by comparing predictions
of the full, detailed kinetic model via autoignition and
PSR simulations across expected conditions (e.g., pressure,
temperature, equivalence ratio, and initial reactants) with those
of the skeletal model. Ignition delay time and points along the
upper PSR temperature response curve are chosen as metrics
for the reduction, consistent with typical target parameters
for premixed combustion mechanisms. Then, the contributions
of each remaining reaction are examined, with the goal of
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eliminating reactions that are unimportant to the overall
progression of the kinetic model, while remaining below the
specified error tolerance. The final resulting model is considered
the skeletal model.

This process is carried out for each targeted condition
(e.g., pressure, temperature, equivalence ratio, initial reactants),
resulting in a single skeletal model that consists of the union
of species remaining over all conditions. This guarantees that
the reduced model maintains error below the specified limit for
autoignition and PSR results. Further, targeted species cannot be
removed, regardless of their impact on the overall kinetics.

3. RESULTS

3.1. Skeletal Combustion Models
Reduction calculations were performed using the fuel set
composed of all 18 gas-phase pyrolysis products. The pressure
was set to 1 atm, with temperatures ranging from 800 to 2,000 K
and equivalence ratios from 0.5 to 1.5. The wide range of
conditions included in the reduction reflects the similarly wide-
ranges of temperatures and equivalence ratios found in real-
world wildland fires.

To create a robust gas-phase combustion model, various sets
of products from the pyrolysis model were used in the reduction,
corresponding to the products at 20, 50, and 80 s (shown in
Figure 1). However, the resulting reduced gas-phase models were
all roughly the same size, with similar numbers of species and
reactions. Therefore, only the reductions on the final pyrolysis
products at 80 s will be discussed in the following sections.

Figure 2 shows the reduction process via DRGEPSA for
the number of species remaining in the kinetic model as a
function of error limit. Applying DRGEP with a maximum
error of 30% (in ignition delay time and peak temperature in
a PSR) to the detailed kinetic model removed 75 species and
any reaction containing them, leaving 62 species. At this point
in the reduction, the error in ignition delay time between the
detailed model and the reduced model was approximately 21%.
Applying sensitivity analysis removed 8 additional species and
their associated reactions, resulting in a reduced model with
54 species and 637 reactions, giving approximately 24% error
in ignition delay time, as compared to the detailed model. The
reaction elimination step removed an additional 433 reactions,
yielding a skeletal model with 204 reactions. For the ignition
delay time in a PSR, this final skeletal model has 82.9%maximum
error when compared to the detailed model. However, this most-
reduced skeletal model retains only 54 species and 204 reactions,
corresponding to 39.4% of the total number of species and 4.5%
of the total number of reactions in the detailed model.

During the DRGEP process, Figure 2 indicates a significant
increase in error at 81 species, corresponding to a jump
from 1% to greater than 15% error. Consequently, we created
another reduced model with 1% error for gas-phase combustion,
hereby noted Skeletal-A. Following the same naming convention,
Skeletal-B is the reduced model produced by DRGEPSA with
30% error, and Skeletal-C is the model obtained from Skeletal-
B after the reaction elimination step. The numbers of species
and reactions in these three models are summarized in Table 2,

FIGURE 2 | Number of species as a function of error limit during the reduction

of the detailed model using the directed relation graph with error propagation

(DRGEP) and sensitivity analysis (SA) method. Dash-dot lines indicate the

number of species for the given error limit in skeletal models A (blue lines) and

B (red lines) prior to the reaction elimination step (which produces Skeletal-C).

TABLE 2 | Detailed and skeletal model details, indicating the final number of

species and reactions, as well as the error in the ignition delay time with respect to

the detailed model.

Model # Species # Reactions Error %

Detailed 137 4,533 –

Skeletal-A 71 1,179 1.00

Skeletal-B 54 637 24.1

Skeletal-C 54 204 82.9

along with the detailed model. After the DRGEPSA process,
the Skeletal-A model has only 1.00% error in ignition delay
time compared to the detailed model, which increases to 24.1%
error for Skeletal-B and 82.9% after the reaction elimination
step in Skeletal-C. With the introduction of tabulated and
dimensional reduction of chemistry, models on the order of
one-thousand reactions and one-hundred species are suitable
for computations (Hiremath et al., 2013), and thus all of
the skeletal models developed here are sufficiently compact
for implementation in high-resolution simulations. The final
skeletal models and associated information on thermodynamic
and transport properties are provided as text-based files in the
Supplemental Material.

3.2. Validation of Skeletal Models
To validate the accuracy of the reduced skeletal models, which
were obtained based solely on consideration of the ignition
delay time and peak temperature in PSR calculations, here
we compare PSR ignition delays, peak temperatures, and
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FIGURE 3 | Ignition delay as a function of 1000/T in a PSR at equivalence

ratios φ= [0.5, 1.0, 1.5] and P = 1 atm for the detailed (solid lines), Skeletal-A

(dashed lines), Skeletal-B (dotted lines), and Skeletal-C (dash-dot lines)

models. The inset shows ignition delay time vs. 1000/T for lower

temperatures.

volumetric heat-release rates, premixed laminar flame speeds,
and diffusion flame extinction points from the detailed and
skeletal models.

Figure 3 shows that all three skeletal models match the
ignition delay times of the detailed model for equivalence ratios
from 0.5 to 1.5 over a wide range of temperatures. Although
discrepancies do exist between the models at low temperatures,
such temperatures are not of primary interest for wildland fire.
In general, as expected, the larger Skeletal-A model is in better
agreement with the detailed model, as compared to the Skeletal-B
and Skeletal-C models.

To assess the importance of the error in ignition delay, we
compare the absolute error in the ignition delay time to an
approximate characteristic turbulent mixing time τmix. This time
is estimated as τmix ≈ 0.1 s based on a convective velocity
of 1 cm/s and a characteristic length of 1 mm. For most
practical conditions, the ignition delay will be dominated by
mixing and therefore the error introduced by the reduction is
reasonably small, as seen in Figure 4. The highest error occurs
at low temperatures where the characteristic turbulent mixing
time would be much longer than the approximate one used
here, due to a lower convective velocity. While the deviations
at T = 2,000 K look large, it must be kept in mind that the
non-dimensional errors are on the order of 10−4 to 10−8, and
therefore trivial for this application when compared to the
mixing time.

The PSR calculations performed during the reduction process
also provide the peak temperature and the volumetric heat-
release rate as functions of residence time. These results are
shown in Figures 5 and 6 for the detailed and skeletal models
over equivalence ratios from 0.5 to 1.5.

FIGURE 4 | Absolute error relative to the mixing time τmix = 0.1 s as a

function of 1000/T in a PSR at equivalence ratios φ = [0.5, 1.0, 1.5] and

P = 1 atm for the Skeletal-A (dashed lines), Skeletal-B (dotted lines), and

Skeletal-C (dash-dot lines) models.

FIGURE 5 | Peak temperature vs. residence time in a PSR at equivalence

ratios φ= [0.5, 1.0, 1.5] and P = 1 atm for detailed (solid lines), Skeletal-A

(dashed lines), Skeletal-B (dotted lines), and Skeletal-C (dash-dot lines)

models.

For each of the models and at all equivalence ratios,
the peak temperatures in Figure 5 decrease as the residence
time decreases, consistent with the increased incidence of
incomplete combustion for small residence times. The detailed
and Skeletal-Amodels are in nearly perfect agreement, with small
deviations in the Skeletal-B model for all conditions considered.
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FIGURE 6 | Volumetric heat release rate vs. residence time in a PSR at

equivalence ratios φ = [0.5, 1.0, 1.5] and P = 1 atm for detailed (solid lines),

Skeletal-A (dashed lines), Skeletal-B (dotted lines), and Skeletal-C (dash-dot

lines) models.

Peak temperatures from the Skeletal-C model show a slight
discrepancy with respect to the detailed and Skeletal-A and -B
models, but the correct trends with varying residence time are
nevertheless still captured.

The variation of the volumetric heat-release rate with
residence time is nearly identical for the detailed and all
three skeletal models, as shown in Figure 6. In particular,
the volumetric heat release rate increases substantially as the
residence time decreases. This occurs because more heat must be
removed relative to the volume in order to maintain a constant-
pressure reactor.

To validate the model reduction in non-homogeneous flame
configurations, laminar flame speeds were computed for a one-
dimensional premixed flame in Cantera (Goodwin et al., 2018)
using both detailed and skeletal chemical kinetic models with
mixture-averaged diffusion coefficients. The physical domain
length was 50 cm, the reactants were at a temperature of 300 K
and pressure of 1 atm, and flame speeds were computed over a
range of equivalence ratios. Figure 7 shows that, once again, there
is essentially no discrepancy between the detailed and Skeletal-
A models. Although errors are larger for the Skeletal-B and -C
models, these errors will generally be tolerable in simulations of
real-world fires given the typically larger errors introduced by
other physical models in the simulations (e.g., for turbulence,
heat transfer, and fuel properties), as well as uncertainties in
boundary and initial conditions.

Because wildland fires exhibit characteristics of both premixed
and diffusion flames, the skeletal models were also used to
compute the extinction temperature as a function of maximum
strain rate for an opposed-jet diffusion flame. The simulations

FIGURE 7 | Laminar flame speed for a one-dimensional premixed flame as a

function of equivalence ratio φ for detailed (solid lines), Skeletal-A (dashed

lines), Skeletal-B (dotted lines), and Skeletal-C (dash-dot lines) models. The

reactants were at 300 K and P = 1 atm.

FIGURE 8 | Maximum temperature in an opposed-jet diffusion flame as a

function of maximum strain rate for detailed (solid lines), Skeletal-A (dashed

lines), Skeletal-B (dotted lines), and Skeletal-C (dash-dot lines) models. The

conditions of the opposed-jet configuration were Tfuel = 500 K,

Tair = 300 K, and P = 1 atm.

were performed using Cantera in an 18 mm domain with
radiation. The fuel and air temperatures were Tfuel = 500 K and
Tair = 300 K, respectively, and the pressure was P = 1 atm.

The results shown in Figure 8 indicate that the reduction
process generally has minimal effect on the relation between
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TABLE 3 | Root mean square (RMS) and maximum error percentages from the

Skeletal-A, Skeletal-B, and Skeletal-C reduced models for various properties of

interest over the range of conditions considered in this study.

Skeletal-A

error

Skeletal-B

error

Skeletal-C

error

RMS

(%)

Max

(%)

RMS

(%)

Max

(%)

RMS

(%)

Max

(%)

Ignition delay time (PSR) 0.40 1.00 9.40 24.13 28.82 82.85

Peak temperature (PSR) 0.03 0.33 0.73 1.46 2.54 6.17

Vol. heat release rate (PSR) 0.01 0.13 0.34 0.82 1.24 2.65

Flame speed (LP) 0.64 1.18 9.12 20.65 13.5 26.5

Extinction temperature (OJD) 0.52 1.40 1.00 1.98 0.54 1.16

Errors are computed relative to results from the detailed model. Properties are computed

for a perfectly stirred reactor (PSR), a 1D laminar premixed (LP) flame, and an opposed-jet

diffusion (OJD) flame.

the maximum temperature and strain rate at the extinction
point. As with other metrics for the PSR and the premixed
flame, the Skeletal-A model is in nearly perfect agreement
with the detailed model, and the Skeletal-B and -C models
display relatively small discrepancies when compared to the
detailed model.

As a quantitative summary of the errors in the skeletal models
with respect to the detailed model, Table 3 shows the root-mean
square (RMS) and maximum errors for various quantities of
interest over all conditions (i.e., temperatures and equivalence
ratios) considered in the present study. In general, the errors
for the Skeletal-A model are extremely low and the maximum
errors for the Skeletal-B model are below 25% for all metrics
considered. As expected, the Skeletal-C model shows the greatest
amount of error, although the RMS errors are maintained
below 30%.

Table 3 shows that the maximum errors across all reduced
models occur in the ignition delay time. As noted before,
these errors are likely to be acceptable in most high-fidelity
simulations of wildland fire given the significant increase in
computational efficiency resulting from the reduction in number
of species and reactions. Moreover, although the errors in
ignition delay time are somewhat large in relative terms, they
are small in absolute terms when compared to characteristic flow
mixing times.

4. CONCLUSIONS

Three new skeletal chemical kinetic models (provided in the
Supplemental Material) have been developed and validated
for the combustion of gas-phase products resulting from the
pyrolysis of Douglas Fir. The skeletal models were obtained
by using the directed relation graph with error propagation
method, “greedy” sensitivity analysis, and unimportant reaction
elimination to reduce a detailed gas-phasemodel with 137 species
and 4,533 reactions.

The three skeletal models had different sizes and resultant
errors. The larger 71 species, 1,179 reaction skeletal model had
a maximum error of 1% for combustion properties of interest
over a wide range of conditions, while amore reducedmodel with
54 species and 637 reactions yielded maximum errors of roughly
21% and 24% in ignition delay time and laminar flame speed,
respectively. The smallest 54 species, 204 reaction model had a
maximum error of roughly 83% in ignition delay, with an average
maximum error of 24%. These errors are reasonable given the
complexity and uncertainty involved in modeling solid biomass
combustion, although the larger skeletal model, with smaller
error, is preferable if sufficient computational resources are
available to allow its integration within high-fidelity simulations
of wildland fire. It should also be noted that the largest errors
were observed for all three skeletal models in the prediction of the
ignition delay time, but these errors were small in absolute terms,
particularly when compared to characteristic flow mixing times.

Ongoing work is focused on the use of additional performance
measures in different flows, such as diffusion flames, as targets for
MARS. Amulti-dimensional finite volumemodel in OpenFOAM
is currently under development to allow full coupling of pyrolysis
and gas chemistry, thus permittingmore direct comparisons with
experimental data. An additional study will also be performed to
quantify the maximum reduction allowable before the induced
errors affect major simulation outcomes, as well as to expand to
more general biomass flora.
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