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ABSTRACT
A computational study was performed to improve our understand-
ing of the ignition of live fuel in the forced ignition and flame
spread test apparatus, a setup where the impact of the heating
mode is investigated by subjecting the fuel to forced convection
and radiation. An improvement was first made in the physics-based
model WFDS where the fuel is treated as fixed thermally thin ele-
ments and then it was utilized in this study. This improvement
included bound water in addition to free water in fuel moisture
content. The fuel was assumed to undergo evaporation of free and
bound water, pyrolysis and char oxidation. Fuels with different
moisture contents ranging from 0% to 130% were simulated
under an identical heating condition. The simulated and the experi-
mental ignition times compared reasonably well with each other.
The time evolutions of simulated and experimental mass loss rates
also compared well with each other. For all fuel moisture contents,
it was observed that the release of bound moisture starts at tem-
peratures greater than 200°C long after ignition time. This observa-
tion was consistent with the release of moisture observed at high
temperatures in the experiments of live fuels.
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Introduction

In wildland fires, the fuel moisture content (FMC), defined as the ratio of water mass
to dry mass of fuel plays an important role in determining the time to ignition. Live
fuels have moisture contents much larger than 100% of their oven dry weight (Weise
et al., 2005). Owing to the differences in chemical composition and how water is
stored in live and dead fuels, live fuels burn at fuel moisture contents where dead fuels
do not. The moisture of extinction for dead fuels is often found to be in the range
30–70% FMC, whereas experiments based on the burning of live fuels (McAllister
et al., 2012; Pickett et al., 2010; Xanthopoulos and Wakimoto, 1993) show that live
fuels can sustain fire spread for FMC beyond the range prescribed for dead fuels. The
most unpredictable fires often occur in crowns of vegetation composed of live fuel
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elements. These crown fires are uncontrollable and have a higher spread rate compared
to surface fires (Rothermel, 1972).

To understand the burning behavior of live fuels and examine the relationship between
FMC and ignition time, piloted ignition experiments of cellulosic materials were performed
and correlations between moisture content and ignition times were deduced (Atreya and
Abu-Zaid, 1991; Moghtaderi and Fletcher, 1988; Simms and Law, 1967). Woody materials
were used as fuel and it was found that moisture increased the energy required for ignition,
resulting in a delayed ignition time. Ignition time was correlated with moisture content and
material properties of wood, such as emissivity, thermal conductivity, and density. FMC in
live fuels exhibited diurnal and seasonal variation during which both dry and moist weight
of the fuels vary (Blackmarr and Flanner, 1968; Jameson, 1966; Philpot, 1965; Van Wagner,
1967). Experiments conducted by Dimitrakopoulos and Papaioannou (2001), McAllister
et al. (2012), Pellizzaro et al. (2007), Pickett et al. (2010), Smith (2005), Weise et al. (2015),
and Xanthopoulos and Wakimoto (1993) used live fuels wherein the fuel moisture content
evolved naturally over the course of an annual season. Species specific empirical correlations
relating ignition time to moisture content for various live vegetation species were estab-
lished. McAllister et al. (2012) performed piloted ignition experiments using the forced
ignition and flame spread test (FIST) apparatus on live fuels, such as Douglas-fir
(Pseudotsuga menziesii) and lodgepole pine (Pinus contorta). These fuels were collected
throughout the growing season, thereby the natural variation in moisture content and
chemical composition was factored in. These two species behaved as thermally intermediate
materials with the existence of temperature gradients within the needles during pyrolysis.
McAllister et al. (2012) suggested that the extremely vigorous fires observed in high
moisture content live fuels could be due to the different physical mechanisms through
which water is stored, causing it to evaporate at different rates. It was also observed that
when live fuels were heated, the needles underwent a structural failure resulting in the
release of water in an explosive process unlike in dead fuels, wherein water was released
through evaporation alone. Ignition times differed for fuels with identical FMCs that were
tested during different seasons, in all likelihood, due to the structural changes that occur in
these fuels (Fletcher et al., 2007; Jolly et al., 2012; Killebrew, 1878; Kozlowski and Clausen,
1965; Little, 1970).

Since evaporation of water is an endothermic reaction, fuel moisture content affects
heat transfer and combustion processes in both solid and gas phases hence delaying
the time to ignition. In the solid phase, moisture affects thermal properties, such as
density, thermal conductivity, and specific heat, whereas in the gas phase water vapor
dilutes flammable pyrolysates and absorbs energy (Albini, 1980; Finney et al., 2013).
The modeling of a wildland fire by Albini (1980) and the modeling of premixed and
non-premixed flames by Ferguson et al. (2013) showed significant impact of fuel
moisture on the flame. While some studies (Babrauskas, 2003; McAllister et al.,
2012; Prince and Fletcher, 2013) reported the simultaneous evolution of water vapor
and pyrolysis gases during ignition, most numerical models for solid fuel degradation
considered a sequential process of evolution of water vapor and pyrolysis gases
wherein water is assumed to evaporate first (at temperatures close to 100°C), followed
by the pyrolysis gas release.

An important parameter, which describes the storage of water, is the fiber saturation
point (FSP). FSP is the point in the drying process at which only water bound in the cell
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walls remains and all other water, called free water, has been removed from the cell
cavities. Below FSP, the wood cell shrinks and changes physically. FSP for wood lies in
the range of 23–30% (Jolly et al., 2014; Ross, 2010) on a dry weight basis. Previous
experiments on live fuels (Gallacher, 2016; Nelson, 2001; Pickett et al., 2010) have
suggested that free water is released at temperatures close to the boiling point of water
while bound water and pyrolysis gases vaporize at temperatures greater than 200°C.
Hence, it is important to include these effects in the modeling of moisture in live fuels.
Prince (2014) and Prince and Fletcher (2013) conducted ignition experiments on
manzanita leaves and developed evaporation models differentiating live and dead
fuels. This work emphasized modeling bound water in live fuels, which accounted for
the release of moisture in the temperature range 266–315°C. The models showed a good
agreement between predicted and experimental mass loss. Using Arrhenius parameters
for bound water, Prince and Fletcher (2013) and Yashwanth et al. (2015) performed
physics-based modeling to study the effect of heating modes and moisture content on
ignition of manzanita leaves and found the predicted ignition and burnout time to be
consistent with experimental results.

The aim of the present study is to improve the understanding of ignition and combustion
of live foliage based on the recent experiments of McAllister et al. (2012). Here, Wildland-
urban interface fire dynamics simulator (WFDS SVN9977) (McGrattan et al., 2008; Mell et al.,
2009), in which solid fuels are represented by discrete particles, was used for computations.
The input file used for WFDS is given in the Appendix. Since the current version of WFDS
does not differentiate between bound and free water in fuel, bound and free water was
modeled via Arrhenius rate equations in the solid fuel thermal degradation module. Hence,
the fuel was assumed to undergo a three-stage decomposition process, consisting of evapora-
tion of bound and free water, pyrolysis, and char oxidation. The pyrolyzate gas was assumed to
be methane that reacted with air through a single-step mixing-controlled chemical reaction.

Numerical model and computational setup

The experimental setup of McAllister et al. (2012) is replicated by WFDS, which solves the
three-dimensional time dependent equations for low Mach number flows with combustion
and heat transfer. The large eddy simulation (LES) with Deardorff’s model (Deardorff, 1980)
for subgrid-scale terms is utilized to deal with turbulence. To calculate thermal radiation, a
radiation transport equation is solved with a non-scattering gray gas assumption. The solid
phase is modeled as discrete particles fixed in space. Particles are assumed thermally thin
and optically black fuel elements. The convective and radiative heat transfer between the gas
phase and solid vegetation particles is assumed present. The solid fuel particles experience
mass loss with an increase in temperature. As the temperature of the fuel increases, free
water, bound water, and pyrolysis gas release and finally char oxidation takes place. The
solid phase degradation model for solid fuel is based on the Arrhenius rate equation:

_m
000
i ¼ �m

000
i Ai exp

�Ei
RTveg

� �
(1)

where m
000
i represents mass per unit volume, _m

000
i is the mass loss rate per unit volume, Ai is

the pre-exponential factor, Tveg represents the vegetation temperature, R is the universal
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gas constant, and Ei is the activation energy. Here, i is a generic index used for the species
free water, bound water, and dry fuel. In Table 1, Ai and the activation temperature,
defined by Ti ¼ Ei=R, are tabulated for three species.

To model the volatilization process, by default, WFDS uses thermokinetic constants
available for pine needle combustion (Grishin, 1997; Porterie et al., 2005). The same
constants are used for Douglas-fir needles here since the thermokinetic constant values are
unknown for Douglas-fir needles. This seems to be a reasonable approximation given that
both species belong to the Pinaceae family of species. A similar approximation was also
made by Mell et al. (2009). The thermokinetic constants of bound and free water used
here were compiled from the works of Bryden et al. (2002), Chan et al. (1985), Prince and
Fletcher (2013), and Yashwanth et al. (2015). It is noted that the species-specific thermo-
kinetic constants for bound water was based on the experiments conducted on manzanita
leaves with a suggested activation temperature of 20000 K (Prince and Fletcher, 2013). A
sensitivity analysis on the activation temperature of bound water was performed and it
was observed that changing the activation temperature by 10% resulted in less than 1%
change in the results (such as peak mass loss rate and heat release rate). The energy
equation for the fuel is:

ρcp
dTveg

dt
¼ �Δhvap _m

000
free � Δhvap _m

000
bound � Δhpyr _m

000
pyr � � � qc � � � qr (2)

where the first three terms on the right–hand side represent the energy release due to the
evaporation of free and bound water, and release of pyrolysis gases, respectively. Here,
Δhvap represents the enthalpy of moisture vaporization set equal to 2259 kJ/kg (Mell et al.,
2009), which is used for both free and bound water here, and Δhpyr is the enthalpy of
volatilization set equal to 418 kJ=kg (Mell et al., 2009). In Eq. (2), qc and qr denote
convective and radiative heat fluxes, respectively, to the bulk of fuel.

The computational domain resembled the FIST apparatus displayed in Figure 1 (McAllister
et al., 2012). It consisted of a small wind tunnel, infrared heater, coiled wire ignitor, and a high
precision mass balance. The Douglas-fir needles were placed on a sample holder located on
the mass balance and were heated from above by an infrared heater producing a uniform heat
flux of 50 kW/m2 at its surface. An airflow over the sample pushed the pyrolysis gases from the
heated sample over an ignitor placed at a downstream location. In the experiments, since the
radiant heater alone was insufficient to achieve ignition, the ignitor was held at a temperature
above 1000°C, thereby heating the gas phase and initiating ignition. These values approximate
the high heat fluxes associated with a wildfire.

Shown in Figure 2 is the computational domain with dimensions 60 � 26 � 10:5 cm
(L � W � H) in x, y, and z directions, respectively. These dimensions were consistent with
the actual dimensions of the midsection of the wind tunnel where experiments were carried
out. The body of the wind tunnel used in the experiments was made of aluminum 6160 and
painted on the inside with high temperature flat black stove paint. The floor of the wind tunnel

Table 1. Thermokinetic parameters for solid fuel degradation.
Ai ðs�1Þ Ti (K)

Free water 5.13×1010 10584
Bound water 3.0×1013 18000
Pyrolysis gas 3.63×104 7250
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had a thickness of 3=8
00
and a layer of mica of thickness 1=4

00
. Also, it was observed that the fire

was located at a distance close to 10 cm away from the walls of the wind tunnel. Considering
the material properties, proximity of the fire to the walls and the occurence of ignition in a
time period of about 40 s, the walls were assumed to haveminimal heating effect on the results.
Hence, the walls of the wind tunnel were modeled to be inert and maintained at an ambient
temperature of 293 K. A velocity inlet boundary condition at the right entrance of the wind
tunnel established a laminar airflow with a velocity of 1 m/s and an open boundary condition
was specified at the left exit. The Douglas-fir needles, with an initial total mass of 4 g, were
approximated as fixed, thermally-thin fuel elements with homogeneous composition and
uniform distributionwithin a rectangular regionwith dimensions similar to the sample holder
(9 cm in length and 9 cm in width) used in experiments. The vegetative dry and moist mass
was also uniformly distributed among all fuel elements. The infrared heater was modeled as a
9×9 cm surface maintained at a temperature of 971 K, thereby producing a heat flux of

Figure 1. Forced ignition and flame spread test (FIST) apparatus used in McAllister et al. (2012).

60 cm
(x)

26 cm
(y)

10.5 cm
(z)Fuel

Infrared Heater

Ignitor

Inlet Velocity

Figure 2. Computational domain of the wind tunnel setup used in the FIST apparatus. Fuel is uniformly
distributed in a 9 cm × 9 cm rectangular region.
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50 kW/m2 at the surface of the heater. A few non-reacting fuel particles held at a constant
temperature of 1500°C modeled the ignitor, located at a distance 1.2 cm downstream of the
fuel elements, centered 6 mm off the bottom. It is noted that McAllister et al. (2012)
mentioned the ignitor temperature was above 1000°C without giving an exact value for the
ignitor temperature.

Ignition criteria is commonly defined as the time taken by the solid fuel to reach a
specific ignition temperature. Based on experiments on live fuel burns (Janssens, 1991;
Smith, 2005; Xanthopoulos and Wakimoto, 1993) it is found that the ignition temperature
for live fuels lies in the range 300–355°C. It is also noted that the ignition temperature
varies with the fuel moisture content and is often dependent on the experimental setup.
Here, we defined time to ignition as the time at which the global heat release rate reaches
one half of its initial peak value. Since the peak value of heat release rate varies as a
function of FMC, the ignition criteria varies with FMC as well. Based on the range of FMC
observed over different seasons in the experiments, a range of 0% (dry fuel) and 70–130%
was considered. Two types of model were considered for water: one assumed water at a
free state only and the other included bound water in addition to free water. The initial
mass distribution of free and bound water was determined by the FSP. Since the FSP of
the investigated Douglas-fir needles was unknown, the FSP of wood, equivalent to 30% of
FMC (Ross, 2010) is considered. Accordingly, for FMC ranging from 70–130%, the bound
water mass decreased from 0.71 g to 0.52 g, while the initial free water mass increased
from 0.95 g to 1.74 g. A total of nine simulations were performed. Four simulations
considered FMC in the range of 70–130% for each water model type and one simulation
with no moisture, representing dry fuel. A uniform grid size of 5 mm was used in all
simulations. In this work, LES is used to model turbulence wherein the filter size is set
identical to the grid size. Hence, subgrid-scale terms, which are a function of the filter size,
and subsequently the filtered gas phase equations, which include subgrid-scale terms,
change with the change in grid size (Pope, 2004). Thus, a grid dependency study, as it
is practiced in simulations of laminar flows or direct numerical simulations of turbulent
flows, is inadequate. We have conducted the simulations with the highest possible resolu-
tion. Furthermore, to test the adequacy of the resolution, we used a criterion based on the
characteristic flame diameter (D�). Although this test was suggested for buoyant plumes, it
was also used for wind tunnel scenarios and compartmental fires (Overholt et al., 2014;
Wang et al., 2016). For a uniform grid size (Δx) of 5 mm and for the range of moisture
contents studied, the ratio of D�=Δx was found to vary in the range of 13.2 to 16.0. It has
been noted from previous studies (Dreisbach and Hill, 2007; Overholt et al., 2014; Wang
et al., 2016) that this ratio must be in the range between 4 and 16 to obtain results
adequate for engineering calculations. All simulations were performed for a burning time
of 250 s, using 40 processors of the dense memory cluster at the Alabama Supercomputing
Center.

Results and discussion

Figure 3 shows the ignition time versus FMC. For all moisture contents, it was found
that by including the effect of bound water, ignition occurred around 5 s prior to that
observed in the cases where moisture was regarded as free water only. The ignition
times obtained from the experiments had an uncertainty of about 2.5 s. For the free
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water only case, the simulated ignition times were found to lie within the observed
uncertainty in experimental measurements for all moisture contents. For the free and
bound water case, at 70% FMC, there was a difference of around 5 s between the
simulated and experimental ignition times (considering the uncertainty of 2.5 s).
However, for higher moisture contents (to 130% FMC), this difference is lower and
the simulated ignition times laid within the uncertainty of the experimental values.
The reason for delayed ignition in the free water only case can be attributed to the fact
that ignition was only observed after a significant amount of moisture was released
from the fuel at temperatures close to 100°C. Since evaporation of water is an
endothermic process, a significant increase in fuel temperature is inhibited during
this process thereby delaying the process of volatilization and hence ignition. On the
other hand, when the effect of bound water was included, a part of the moisture was
released at temperatures close to 100°C and the rest was released only after the solid
fuel attained temperatures close to 200°C. The process of volatilization began prior to
the release time of bound water, thereby resulting in the release of pyrolysis gases and
initiation of ignition relatively earlier. For dry fuel, the experimental and simulated
time to ignition was 9 s and 10 s, respectively. A linear regression was conducted on
the experimental data displayed in Figure 3 and the experimental data available for the
dry fuel to find a correlation between the ignition time and FMC (McAllister et al.,
2012). The regression equation was found to be tig ¼ 0:266� FMCþ 8:83 for the
experimental data. A linear regression was also performed for the modeling data
where moisture content was assumed to be in both free and bound water states, as
shown in Figure 3, and the modeling data for dry fuel. The regression equation was
tig ¼ 0:2185� FMCþ 9:58 for the modeling data. The slopes in these two correlations
compared well with each other. The deviation between the simulated and experimental
values could have two reasons: (1) It was found in the experiments (McAllister et al.,
2012) that the fuels that were harvested at different seasons but had an identical FMC
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Figure 3. Variation of ignition time against fuel moisture content in experiments (+); modeling with
FMC in the free only state (•); and modeling with FMC in the free and bound states (○).
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showed different ignition times; (2) It was also found in the experiments of McAllister
et al. (2012) that, in addition to the process of evaporation, an explosive process of
rupturing of the heated vegetation cell walls contributed to the release of moisture. As
a result of this explosion, it was speculated that some of the volatiles were also released
with water. In the modeling study, neither the effect of season nor the phenomena of
explosion was taken into account.

Figure 4 shows the temporal evolution of the total fuel mass. The experiments were
performed thrice every week during the growing season from March–October. Because of
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Figure 4. Variation of total mass of the fuel with time in modeling (lines) and experiments (thin lines) for
fuels with moisture content ranging from 70–130%: (a) free and bound water case and (b) free water only
case. The inserted panel shows comparsion between modeling and experimental data up to t = 50 s.
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seasonal changes, the FMC was different each week. The experimental data in Figure 4 and
5 was obtained by burning 12 samples, each harvested in a different week, with FMCs
ranging from 70% to 130%. The burning measurement of each sample was terminated
soon after flaming ignition was observed in the gas phase. On the other hand, the
simulations were performed until the fuel was completely burned. Depending on the
initial fuel moisture content, the burning time varied from 150 s to 200 s. It was observed
in both experiments and simulations that the fuel mass loss was insignificant up to around
10 s. After this time, the temperature of the fuel element increased to values larger than
the boiling point of water and the processes of evaporation and devolatilization became
significant; hence, the curves dropped rapidly. At 200 s, the volatiles and moisture were
completely released, leaving behind char which underwent oxidation. Comparing inset
plots in Figures 4a and 4b reveals that, in the beginning, mass loss occurs slower in panel
(b) than panel (a). This slower mass loss occurs because the free water evaporation is
completed sooner in (a) than in (b), as there is more free water to be evaporated in the free
water only case than in the free and bound water case. Overall, simulations better compare
against experiments for the mass loss when water is treated in both free and bound states.

In Figure 5, time histories of the total mass loss rate of the fuel for various FMCs are
displayed. It was observed that the peak value of mass loss rate decreased with an increase
in FMC. The peak mass loss rate for all moisture contents occured well after ignition was
observed, between times 30–50 s. The case with FMC of 70% had a maximum peak at
0.084 g/s.

In order to gain a better insight into evaporation of fuel moisture, mass loss rates of
free and bound water are plotted against time in Figure 6. As the temperature of the fuel
element increased close to the boiling point of water, free water was first released.
Figure 6a shows the peak mass loss rate of free water increased with an increase in
moisture content and the maximum peak was observed for moisture content 130% at
0.0275 g/s occurring at time 28 s. Also, it was observed that free water was completely
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Figure 5. Variation of total mass loss rate with time in modeling (lines) and experiments (thin lines) for
fuels with moisture content ranging from 70–130%.
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released before 75 s in all cases. On the other hand, the initiation of bound water
evaporation was observed at a later time around 15 s after free water evaporation was
initialized, seen in Figure 6b. Here, the fuel elements attained temperatures greater than
200°C. For all moisture contents, it was observed that the peak mass loss rate of bound
water occurs close to the time of ignition. It is noted that bound water was released
simultaneously with the fuel volatiles and the evaporation of bound water was completed
almost 60 s after the evaporation of free water was completed. Also, for larger FMCs, the
ratio of bound water mass to free water mass is smaller given that the total mass of fuel
is identical in all modeling cases. Hence, unlike free water, it was observed here that the
peak mass loss rate of bound water decreased with an increase in moisture content. This
peak occurred approximately 15 s after the peak mass loss rate of free water did. The
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Figure 6. Variation of fuel moisture mass loss rate with time: (a) free water and (b) bound water.
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peak mass loss rates (MLRs) of free and bound water are plotted against FMC in
Figure 7. For a moisture content of 70%, the peak mass loss rate of free water was
larger than that of bound water approximately by a factor of 1.25. It almost linearly
increased to 2.0 for FMC of 130%.

In Figure 8, the variation of solid and gas phase temperatures with time is shown at a
location close to the ignitor (1.2 cm upwind of the ignitor). The solid and gas phase at
this location attained a maximum temperature of 600°C. For an FMC of 130%, it was
observed that in the first 30 s, the temperature of the solid fuel increased up to 100°C. At
this temperature, the evolution of free water was dominant, which is also evident from
Figure 6a. After 30 s, with an increase in temperature (>200°C), bound water and
pyrolysates were released. To better understand the evaporation of free and bound
water as function of temperature, Figure 9 is plotted for the single fuel element located
1.2 cm upwind of the ignitor. From this figure, it was observed that at temperatures close
to 200°C around time 40 s, free water evaporation is completed and bound water
evaporation was initiated.

The variation of heat release rate with time is shown in Figure 10. The peak value
of heat release rate (HRR) decreased with an increase in moisture content, owing to
the fact that the dry mass of the fuel decreased with an increase in FMC. The case
with 70% FMC had a peak HRR of 2.0 kW while the 130% FMC had a peak HRR of
1.3 kW. The ignition times, discussed earlier, were determined using the peak values
of HRR. Also, the peak values were observed close to 5 s after the time instant at
which ignition was defined.

In Figure 11, distribution of gas phase temperatures on an xy slice plane located at
z ¼ 0 are shown at two different times: 130 s and 135 s for 130% FMC. The heat
received from the radiant heater caused the fuel particles to release volatiles, which due
to the effect of air flow, was convected over the ignitor located at the downstream
location, thereby initiating gas-phase ignition. Hence, the fuel particles located close to
the ignitor were subjected to high temperatures and burned faster than fuel elements
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Figure 7. Variation of peak mass loss rate of free and bound water against fuel moisture content.
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away from it. As time progressed, the rest of the fuel elements burned in a pattern
opposite to the direction of wind as observed in the case of a backing-like fire.

In Figure 12, vertically oriented slice planes with contour plots of moisture mass
fraction and gas phase temperatures are plotted at time 130 s for 130% FMC. At this
time instant, which was well beyond the ignition and peak mass loss time instants,
high mass fractions of moisture was observed at locations close to the solid fuel. The
gas phase temperatures in this region were observed to be well above 800°C, thereby
establishing the behavior of release of moisture in live fuels beyond the time to
ignition.
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Figure 8. Time histories of temperature of (a) solid fuel and (b) surrounding gas phase, at a point
located 1.2 cm upwind of the ignitor.
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Conclusions

A computational study was performed to support the piloted ignition experiments on live
Douglas-fir needles in the FIST apparatus. A particle-based approach was used to model the
burning of the needles wherein the particles were assumed thermally thin. The fuel moisture
content was assumed to be in both free and bound states. The evaporation of free and bound
water was modeled by Arrhenius-type rate equations. Hence, the fuel was assumed to
undergo a three-stage decomposition process, including evaporation of free water and
bound water, pyrolysis, and char oxidation. There was a difference of around 5 s between
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Figure 9. Temporal variation of mass loss rate of free and bound water along with the associated solid
phase temperature for a fuel element located 1.2 cm upwind of the ignitor.
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Figure 10. Variation of heat release rate with time for various fuel moisture contents.
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the simulated and experimental ignition times at FMC 70% when the bound water was
accounted for in the simulation. However, for higher FMC, the simulated ignition times were
within the uncertainty of the experimental values. This difference could be attributed to the
seasonal effects on needles or evaporation of water by the rupture of cell walls observed in
experiments. Neither effect was taken into account in simulations. The mass loss rates
obtained by modeling were in good agreement with those obtained by experiments. The
relative error between the simulated and modeled maximum peaks was within 5%. It was also
observed that free water evaporated at temperatures close to boiling point of water, whereas
bound water and volatiles released later at temperatures close to 200°C. Simulations showed
that a significant amount of bound water remained in the fuel when ignition occurred.
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(a) (b)

Figure 11. Temperature contours (in °C) of gas phase at a horizontal slice plane passed at z ¼ 0 cm
(top view) for fuel with 130% FMC at (a) t ¼ 130 s and (b) t ¼ 135 s.

(a)

(b)

Figure 12. Color contours at a vertical slice plane passing through y ¼ 13 cm (mid-section of the
domain) at time instant t ¼ 130 s for fuel with 130% FMC: (a) moisture mass fraction contours and (b)
gas phase temperature contours (in °C).
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Appendix

&HEAD CHID=’Douglas_Fir_Needles_FMC130’, TITLE=’Mcallister et al. (2012) Wind Tunnel
Setup’ /

-2 grids(test)
MESH IJK=120,52,21, XB= 0.0,0.3, 0.01,0.27, -0.015,0.09 /
MESH IJK=120,52,21, XB= 0.3,0.6, 0.01,0.27, -0.015,0.09 /

-40 grids

&MESH IJK=3,52,21, XB= 0.00,0.015, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.015,0.03, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.03,0.045, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.045,0.06, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.06,0.075, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.075,0.09, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.09,0.105, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.105,0.12, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.12,0.135, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.135,0.15, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.15,0.165, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.165,0.18, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.18,0.195, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.195,0.21, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.21,0.225, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.225,0.24, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.24,0.255, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.255,0.27, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.27,0.285, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.285,0.3, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.3,0.315, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.315,0.33, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.33,0.345, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.345,0.36, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.36,0.375, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.375,0.39, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.39,0.405, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.405,0.42, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.42,0.435, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.435,0.45, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.45,0.465, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.465,0.48, 0.01,0.27, -0.015,0.09 /
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&MESH IJK=3,52,21, XB= 0.48,0.495, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.495,0.51, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.51,0.525, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.525,0.54, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.54,0.555, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.555,0.57, 0.01,0.27, -0.015,0.09 /

&MESH IJK=3,52,21, XB= 0.57,0.585, 0.01,0.27, -0.015,0.09 /
&MESH IJK=3,52,21, XB= 0.585,0.60, 0.01,0.27, -0.015,0.09 /

&REAC ID=’WOOD’
FUEL=’METHANE’
SOOT_YIELD = 0.02
C = 1.0
H = 4.0
HEAT_OF_COMBUSTION = 55500. /

&TIME T_END=250. /

-Glass Walls
&OBST XB = 0.0,0.6, 0.01,0.01, 0.0,0.09, COLOR = ’GRAY’, TRANSPARENCY = 0.5 /
&OBST XB = 0.0,0.6, 0.27,0.27, 0.0,0.09, COLOR = ’GRAY’, TRANSPARENCY = 0.5 /

-Metal Wall Top

&OBST XB = 0.0,0.6, 0.01,0.1, 0.09,0.09, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /FRONT
&OBST XB = 0.0,0.6, 0.19,0.27, 0.09,0.09, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /BACK
&OBST XB = 0.0,0.255, 0.1,0.19, 0.09,0.09, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /LEFT
&OBST XB = 0.345,0.6, 0.1,0.19, 0.09,0.09, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /RIGHT

-Metal Wall Bottom
&OBST XB = 0.0,0.6, 0.01,0.1, 0.0,0.0, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /FRONT
&OBST XB = 0.0,0.6, 0.19,0.27, 0.0,0.0, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /BACK OBST
XB = 0.0,0.255, 0.1,0.19, 0.0,0.0, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /LEFT
&OBST XB = 0.345,0.6, 0.1,0.19, 0.0,0.0, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /RIGHT

-Mass Balance
&OBST XB = 0.255,0.345, 0.1,0.19, -0.007,-0.007, COLOR = ’SILVER’, TRANSPARENCY = 1.0
/Bottom
&OBST XB = 0.255,0.255, 0.1,0.19, -0.007, 0.0, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /Left
&OBST XB = 0.345,0.345, 0.1,0.19, -0.007, 0.0, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /Right
&OBST XB = 0.255,0.345, 0.1,0.1, -0.007, 0.0, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /Front
&OBST XB = 0.255,0.345, 0.19,0.19, -0.007, 0.0, COLOR = ’SILVER’, TRANSPARENCY = 1.0 /Back

-Vent Air Inlet = 1.0 m/s
&SURF ID = ’AIR INLET’, VEL = -1.0 /

&VENT SURF_ID = ’AIR INLET’,
COLOR = ’GRAY’,
TRANSPARENCY = 0.5,
XB = 0.6,0.6,0.01,0.27,0.0,0.09/
-Specify Heat Release Rate
SURF ID = ’FIRE’,
TMP_FRONT = 698.0/
*————————————————————————————*
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- Ignitor particles
&PART ID = ’IGNITOR ELEMENTS’,

TREE = .TRUE.,
QUANTITIES = ’VEG_TEMPERATURE’,
VEG_INITIAL_TEMPERATURE = 1500.,
VEG_SV = 8366.,
VEG_DRAG_COEFFICIENT = 0.1,
VEG_DENSITY = 1., VEG_BULK_DENSITY = 1. /

&TREE PART_ID = ’IGNITOR ELEMENTS’,
FUEL_GEOM = ’RECTANGLE’,
IGNITOR_ELEMENTS = .TRUE.,
TON_IGNITOR_ELEMENTS = 0.5,
T_RAMPON_IGNITOR_ELEMENTS = 1.0,
TOFF_IGNITOR_ELEMENTS = 500.,
T_RAMPOFF_IGNITOR_ELEMENTS = 0.5,
XB = 0.243,0.2505,0.1,0.19,0.000,0.005/

-Tree vegetation
&PART ID = ’needles’,

TREE = .TRUE.,
QUANTITIES = ’VEG_TEMPERATURE’,
VEG_INITIAL_TEMPERATURE = 20.,
VEG_SV = 8366.,
VEG_MOISTURE = 1.3,
VEG_CHAR_FRACTION = 0.25,
VEG_DRAG_COEFFICIENT = 0.375,
VEG_DENSITY = 550.,
VEG_BULK_DENSITY = 42.9,
VEG_DEGRADATION = ’ARRHENIUS’,
VEG_CHAR_OXIDATION = .TRUE.,
VEG_REMOVE_CHARRED = .TRUE. /

&TREE PART_ID = ’needles’,
FUEL_GEOM = ’RECTANGLE’,
OUTPUT_TREE = .TRUE.,
LABEL = ’needles’,
XB = 0.255,0.345,0.1,0.19,-0.005,0.0 /
*————————————————————————————*

&SPEC ID = ’WATER VAPOR’ /
&SPEC ID = ’OXYGEN’ /
&SPEC ID = ’CARBON DIOXIDE’ /

&VENT MB = XMIN, SURF_ID = ’OPEN’ /
&VENT MB = YMIN, SURF_ID = ’OPEN’ /
&VENT MB = YMAX, SURF_ID = ’OPEN’ /
&VENT XB = 0.6,0.6,0.0,0.3,-0.015,0.0, SURF_ID = ’OPEN’ /

–UP
&VENT XB = 0.255,0.345, 0.1,0.19, 0.09,0.09, SURF_ID = ’FIRE’/
VENT XB = 0.0,0.6, 0.0,0.1, 0.09,0.09, SURF_ID = ’OPEN’/FRONT
VENT XB = 0.0,0.6, 0.19,0.3, 0.09,0.09, SURF_ID = ’OPEN’/BACK
VENT XB = 0.0,0.255, 0.1,0.19, 0.09,0.09, SURF_ID = ’OPEN’/LEFT_MID
VENT XB = 0.345,0.6, 0.1,0.19, 0.09,0.09, SURF_ID = ’OPEN’/RIGHT_MID

COMBUSTION SCIENCE AND TECHNOLOGY 1569



&DUMP DT_SLCF = 2,
DT_PART = 1 /

&DUMP PLOT3D_QUANTITY(1) = ’MASS FRACTION’, PLOT3D_SPEC_ID(1) = ’METHANE’ /
&DUMP PLOT3D_QUANTITY(2) = ’MASS FRACTION’, PLOT3D_SPEC_ID(2) = ’WATER
VAPOR’ /
&DUMP PLOT3D_QUANTITY(3) = ’MASS FRACTION’, PLOT3D_SPEC_ID(2) = ’OXYGEN’ /
&DUMP PLOT3D_QUANTITY(4:5) = ’TEMPERATURE’, ’VELOCITY’, DT_PL3D = 5.0,
WRITE_XYZ = .TRUE./

&SLCF PBY = 0.13, QUANTITY=’TEMPERATURE’, VECTOR=.TRUE. /
&SLCF PBY = 0.13, QUANTITY=’VELOCITY’, VECTOR=.TRUE. /
&SLCF PBY = 0.13, QUANTITY=’HRRPUV’ /
&SLCF PBY = 0.13, QUANTITY=’MASS FRACTION’, SPEC_ID=’METHANE’ /
&SLCF PBY = 0.13, QUANTITY=’MASS FRACTION’, SPEC_ID=’OXYGEN’ /
&SLCF PBY = 0.13, QUANTITY=’MASS FRACTION’, SPEC_ID=’CARBON DIOXIDE’ /
&SLCF PBY = 0.13, QUANTITY=’MASS FRACTION’, SPEC_ID=’WATER VAPOR’ /
&SLCF PBZ = 0.0025, QUANTITY=’TEMPERATURE’, VECTOR=.TRUE. /
&SLCF PBZ = 0.0025, QUANTITY=’VELOCITY’, VECTOR=.TRUE. /

&SLCF PBZ = 0.0025, QUANTITY=’HRRPUV’ /
&SLCF PBZ = 0.0025, QUANTITY=’MASS FRACTION’, SPEC_ID=’METHANE’ /
&SLCF PBZ = 0.0025, QUANTITY=’MASS FRACTION’, SPEC_ID=’OXYGEN’ /
&SLCF PBZ = 0.0025, QUANTITY=’MASS FRACTION’, SPEC_ID=’CARBON DIOXIDE’ /
&SLCF PBZ = 0.0025, QUANTITY=’MASS FRACTION’, SPEC_ID=’WATER VAPOR’ /

&SLCF PBZ = 0.00, QUANTITY=’TEMPERATURE’, VECTOR=.TRUE. /
&SLCF PBZ = 0.00, QUANTITY=’VELOCITY’, VECTOR=.TRUE. /
&SLCF PBZ = 0.00, QUANTITY=’HRRPUV’ /
&SLCF PBZ = 0.00, QUANTITY=’MASS FRACTION’, SPEC_ID=’METHANE’ /
&SLCF PBZ = 0.00, QUANTITY=’MASS FRACTION’, SPEC_ID=’OXYGEN’ /
&SLCF PBZ = 0.00, QUANTITY=’MASS FRACTION’, SPEC_ID=’CARBON DIOXIDE’ /
&SLCF PBZ = 0.00, QUANTITY=’MASS FRACTION’, SPEC_ID=’WATER VAPOR’ /

&TAIL /
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