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The effect of moisture content on the pyrolysis and gas-phase ignition of live fuels is investigated. Live
fuels contain moisture content (dry basis) in the range of 30-200%. Here the fuel is modeled as a thin
cellulosic material that is subjected to radiative heating on one side. The solid fuel has a dimensions of
a typical Manzanita leaf. The coupled Gpyro3D/FDS model (Lautenberger, 2014) that simulates both
solid phase thermal degradation and gas phase combustion was used. In addition, a five-step extended
Broido-Shafizadeh reaction model that accounts for thermal degradation, moisture evaporation, and py-
rolysis of cellulose was incorporated in Gpyro3D. The solid-phase model was initially validated against
Blasi (1994) and a thermo-gravimetric analysis experiment (Reed and Posey, 1980). Subsequently, the
coupled Gpyro3D/FDS model was utilized to study the ignition of cellulosic fuel with an initial, uni-
formly distributed moisture content of 40% and 80%. The case with lower moisture content underwent
pyrolysis and ignition earlier in time, resulting in higher solid and gas phase temperatures. Furthermore,
a local moisture evaporation and temperature rise were observed in both cases and a significant amount
of moisture remained in the sample during ignition. The numerical results suggested that moisture con-
tent not only affected the gas phase combustion and ignition time of the fuel, but also influenced the
pyrolysis process.

1 Introduction

Wildland fires can threaten life, property, and natural resources, yet they can perform necessary
ecological functions throughout the world. A large number of fires occur in live fuels that contain
significant moisture. Fires that burn through large areas of live vegetation often consists of smaller
fuel elements such as leaves, twigs and branches. The ability to predict the spread of these wildland
fires in live fuels is paramount in protecting both property and ecology.

When a solid fuel is heated to a sufficiently high temperature, it undergoes thermal degrada-
tion [1]. Thermal degradation occurs in two sequential steps. The first step is pyrolysis, which is
usually an endothermic process that breaks down the forest matter into low molecular mass gases
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(volatiles), tars, carbonaceous char and mineral ash. The second process is burning, which is an
exothermic process known as combustion. Ignition is a transition process between the first and
second step. In flaming combustion, it is these gaseous products of pyrolysis that ignite and burn
as a diffusion flame over the surface.

All plant matter consists of different polymers present in the organic fraction of the fuel. They
are generally divided into cellulose, hemicellulose, lignin, moisture, mineral matter and a few other
organic compounds [2]. Hemicellulose, cellulose and lignin are the three main components of
biomass and their proportions are 20-40, 40-60, and 10-25%, respectively [3]. Cellulose is the
main component among all the constituents of plant matter. Therefore, a better understanding of
various physical and chemical processes during its thermal degradation is a first step towards the
development of pyrolysis models of complex solid fuels.

Chemical reactions of cellulosic materials exposed to high temperature sources can be roughly
classified as primary and secondary reactions. Primary reactions are concerned with the degrada-
tion of the cellulosic fuel into char and numerous volatile products whereas secondary reactions
are those undergone by primary volatile products [4]. The first kinetic models were proposed in
the 1960s by Kilzer and Broido [5], Chatterjee and Conrad [6] and Shafizadeh [7], and are the
basis of more recent kinetic models. Cellulose is assumed to decompose through two parallel or
competitive reactions [5, 7]. Results obtained by Broido [5] and other investigators [6, 7] indicated
that lower heating rate yields more char. Below approximately 280°C, the formation of char is
assumed favored while above this temperature, formation of tar is assumed favored. The reason
for this assumption could be due to the predominant depolymerisation reactions associated to the
breakage of glycosidic bonds [8]. For high heating rates, Lewellen et al. [9] suggested that there
is no char formation as the case in flash pyrolysis processes, aimed to produce liquid tar with a
maximum yield. Several investigators have developed multi-step kinetic models more or less de-
rived from the original mechanism of Kilzer and Broido [5]. Bradbury et al. [10] reformulated
Broido’s reaction model by introducing active cellulose, as an intermediate species between na-
tive cellulose and reaction products and this reaction model is called as *Briodo—Shafizadeh model
(BS)’. Blasi [4] in her numerical work used the BS model of cellulose pyrolysis and extended it
to include secondary reactions concerning the tar cracking. This has been referred as extended
Briodo—Shafizadeh model by [11].

Fuel moisture content (FMC) present in the plant matter is an important factor that influences
the burning behaviour of live fuels [12]. Water affects ignition processes involving both solid
and gas phases. According to [13], if all of the water within the fuel does not evaporate prior
to ignition, then the water vapor will dilute the gaseous pyrolyzates, making it more difficult to
generate a flammable mixture [14]. Ignition temperature increased by about 2°C for each percent
increase in moisture [15]. Water has three effects on the solid according to [16]: it changes the
thermal properties of the material (density, thermal conductivity, and specific heat), it transfers
heat by molecular diffusion, and its evaporation is strongly endothermic. Some disagreement was
found in the literature about whether FMC has a stronger effect on the solid phase or the gas
phase. Babrauskas [13] claims the gas phase effect to be minor in comparison to the solid phase
effects. Moreover, temperature profiles and pyrolysis rates at different points are modified by the
FMC. However, Abu-Zaid [17] claims that the increase in ignition temperature with FMC is more
important than the impact on solid pyrolysis. According to Pickett et al. [18], who investigated



the burning of various live leaf samples in detail, ignition does not occur at the end of global
evaporation, as predicted by conventional models, but possibly at the end of local evaporation.
They also found that a significant amount of moisture (30-60%) remains in the sample for most
species at the time of ignition. Their experiments did not focus on pyrolysis and other physical
processes inside the fuel while it pyrolyses. Experiments conducted by McAllister et al. [19] also
reveal that there exists considerable amount of temperature and moisture gradients inside the solid
during pyrolysis of moist fuels which are assumed to be thermally thin.

Ignition criteria are primarily defined based on whether the investigation involved are only
a solid phase or combined solid and gas phase. There exist a wide range of these criteria due to
various reason such as design of the test apparatus, the experimental operating conditions, inci-
dent heat flux, air flow and other factors. Key ignition criteria defined for solid phase involving
cellulosic materials are based on surface ignition temperature, critical mass flux of volatiles, time
to ignition and critical heat flux [20]. In case of gas phase, critical mass flux and heat release rate
(HRR) are the two criteria discussed by [21] and [22]. According to [21], flaming combustion oc-
curs when the maximum gas reaction rate exceeds a critical value of 0.2 kg/m3. A single value of
heat release rate, as a reasonable criterion for ignition, is proposed by Kokkala and Baroudi [22].
In the current study, the time at which the HRR becomes positive in the gas phase over the surface
of cellulose element, is considered as the ignition time.

The main aim of the present work is to better understand the effects of moisture content on
pyrolysis and gas phase combustion in solid fuel composed of cellulose by taking into account
multi-step thermo-physical processes occurring in the solid fuel and the associated combustion of
the released gases using a three-dimensional solid-gas model. The solid model uses Gpyro3D [23]
for pyrolysis and the gas phase fluid dynamics and combustion is solved using Fire dynamic sim-
ulator (FDS) [24].

2 Physical configuration

In a spreading wildland fire, unburnt vegetation that lies ahead of burning vegetation is exposed to
varying combinations of convective and radiative heating. The heat fluxes associated with radiation
are as high as 200 kW /m? [18, 19]. The focus of the present work is on an analysis of the effect
of FMC during ignition achieved via radiation heating of a thin, rectangular cellulose material. The
fuel element we choose is a three-dimensional piece (0.04 x 0.04 x 0.002 m, L x W x T) of cellulose
material with fixed thickness. The choice of this configuration is motivated by its similarity to
experimental configurations studied by Pickett et al. [18]. A schematic of the physical domain
along with the boundary conditions is shown in figure 1. The computational domain used for the
gas-phase solver FDS, is a rectangular cube of size + = 0.18 m, y = 0.18 m and z = 0.16 m.
The grid resolution used in z, y and z directions is 168 x 168 x 112, respectively. The solid
fuel particle is centered in the gas-phase domain and located at z = 0.03 m in the computational
domain. The initial temperature, moisture content, pressure, gaseous species mass fractions, and
condensed phase species were set uniform throughout the solid. Fuel element is simulated as a
separate region modeled by Gpyro3D with a grid spacing of 0.0019 m in the x and y directions
and 0.0005 m along the depth. Here, 1936 grid cells are used for Gpyro3D. The fuel element is
exposed to a radiant surface located at x = -0.09 m. The surface is maintained at 1500K through



the entire simulation. Effects of wind are not considered here.

All the computations were performed using message passing interface (MPI) protocol using
18 processors of Dense Memory Cluster (DMC) located at Alabama Supercomputer Authority. A
typical simulation of 30 seconds required a wall time of 72 hours and 64 GB of memory.

3 Reaction mechanism and computational models

A considerable amount of temperature and moisture variation was observed along the surface of
fuel by Pickett et al. [18] and according to McAllister et al. [19] these gradients were observed
along the depth of the fuel, indicating a three-dimensional nature of pyrolysis. CFD models such
as FDS and FireFOAM resolve heat transfer only in the direction normal to the surface but not
laterally in the directions parallel to the surface [23], which is important in the present context.
Therefore, to investigate the three-dimensional effects during fire initiation and propagation on
fuel elements where multidimensional heat and mass transfer effects are significant, a fully coupled
Gpyro3D-FDS model is used. The model uses Gpyro3D for the solid phase degradation and FDS
for gas phase combustion. Detailed descriptions of mathematical models with main assumptions
and governing equations used in Gpyro3D and FDS are given in [23] and [24], respectively.

Here, only the essential features concerning the pyrolysis model of cellulose is highlighted:
The governing equations involving the four condensed phase and four gas phase species consist
of mass conservation of species expressed in terms of their mass fractions (four in the condensed
phase and four in the gas phase), an overall mass conservation equation in terms of mass averaged
density for the solid and overall gas density in the gas phase, and a single conservation of energy.
The condensed and gas phases are considered to be in thermal equilibrium, and thus a single con-
servation of energy equation for the solid phase suffices. The gas phase mass conservation equation
is formulated using Darcy’s law for the overall mass flux. Initially, the condensed-phase domain
consists of moisture and cellulose and the gas phase domain consists of air (nitrogen and oxygen).
Their respective initial mass fractions are given in Table 1. The initial mass fractions of other
species were considered negligible. The initial temperature was 300K. Gpyro3D is coupled to
FDS by obtaining the radiation and convective heat flux from FDS, which are applied as boundary
conditions to the condensed phase. The solution is advanced in time for Gpyro3D. The obtained
surface temperature is then passed from Gpyro3D to FDS. An analogous procedure is followed for
gas-phase species, with the calculated mass flux of each species passed from Gpyro3D to FDS.

The chemical reactions used in the current study are as follow:

Moisture (I) — Vapor (g) (R1)
Cellulose (s) — Active cellulose (s) (R2)
Active cellulose (s)— Char (s) + Gases (g) (R3)
Active cellulose (s)— Tar (g) (R4)

Tar (g) + Oy (g) — Gases (g) (RS)

Reactions R2-R4, known as Broido-Shafizadeh reaction model [10], are primary reactions and RS
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is a secondary reaction included by Blasi [4] for pyrolysis of cellulose. The primary reaction are
concerned with the breakdown of cellulose to lower molecular weight gases while the secondary
reaction, which is an oxidation reaction, is concerned with the tar breakdown to low molecular
weight gases. In the current study, reaction R1 is included to take into account the evaporation of
the moisture [25]. The reaction kinetics and thermo-physical properties for reaction R1 is adopted
from [25] and for reactions R2-R5, are adopted from [4].

As discussed earlier, FMC also affects the thermal properties of the material, it is therefore
necessary to account for the material functionality in terms of FMC. When the FMC is more than
the fiber saturation point (FSP) of that material, all the water is present in the lumen as free water
since the cell walls are now saturated with bound water [26]. Also both the density and volume
increase up to the FSP whereas above this point, only the density increases. The FSP is usually
considered to be around 30% (dry basis). In the current study, only density was considered moisture
dependent through the correlation of [26]. On the other hand, thermal conductivity and specific
heat capacities were considered only temperature dependent, following the correlations given by
Yu et al. [27] and Reed and Posey [28], respectively. Here, since no equations that correlates the
thermo-physical properties of cellulose with temperature were found, such correlations which are
available for wood were utilized for cellulose:

M
cellulose = 1 m 1 - k -3 7 1
Peellul 000G ( -|-100) (kgm™?) 1
Ecelluiose = 0.08124 4- 0.003695T (W m_l K_1)7 (2)
Ceellulose = 0.1031 4 0.00386T (kJ kgil Kfl), (3)
Cchar = 1.39 + 0.00036T (kJ kg_l K_1)7 (4)

where p, G,,, M, k, T' and c represent density, specific gravity, FMC, thermal conductivity, tem-
perature and specific heat, respectively. The specific gravity used here is based on softwood
species [26]. The properties for the remaining species were considered constant.

4 Results and Discussions

In order to validate the model, the simulations were first performed with only Gpyro, a one-
dimensional version of Gpyro3D, for a configuration numerically studied by Blasi [4]. The config-
uration consist of a one dimensional slab with thickness of 0.025 m exposed to combined radiative
and convective heating on one side and insulated on the other. The radiative and convective tem-
peratures were increased from 450 K to 1100 K by using a heating rate of 15 K/s, following
Ref. [4]. Since the model [4] did not account for moisture, the reaction R1 was not included
for this validation. Figures 2(a), (b) and (c) illustrate the comparison between temperature, mass
concentration of active cellulose and gas phase species velocity along the thickness of the slab at
different times. The results of the current study are in reasonably good agreement with Blasi’s



results [4]. It is seen that the greatest discrepancy between our model and Blasi’s is in the gas
phase velocity. The difference between the results of Blasi [4] and the current study can be mainly
attributed to our assumption of temperature-dependent thermo-physical properties are considered
temperature dependent which are assumed constant by Blasi [4]. Our explanation for a sudden
increase and decrease of the concentration of active cellulose, as seen in fig. 2(b), is that active
cellulose is formed initially as a result of depolymerization of cellulose; however, due to pyrolysis,
it further undergoes destruction to char and gas species. It is also noted that the gas phase species
velocity, seen in fig. 2(c), is a result of pressure gradients inside the specimen.

Further validation of the model was performed via the comparison of the modeling results
against the experimental data of Reed and Posey [29]. They heated 6 mg of cellulose with a rate of
40°Cmin~"! to generate experimental themogravimetric analysis (TGA) data. In the current study,
a zero-dimensional model of Gypro was used to predict this experimental data. As seen in fig. 3,
the remaining weight predicted by the model for this setup is in good agreement with that obtained
experimentally [29]. The first reaction R1 was neglected in the modeling for this validation as well
since experiments did not consider a moist specimen.

The classical combustion model assumes that all moisture will first evolve from the sample
at a temperature near the boiling point of water. Ignition (according to the classical model) occurs
when a combustible mixture of pyrolysis gases is obtained and follows shortly after moisture evap-
oration is complete [18]. In order to investigate this claim, for the main configuration considered in
this work (Fig. 1), time history of temperature and mass fraction of moisture are plotted for a fixed
point in figure 4. The point is noted as point A in fig. 1 which is located in the solid phase and
is in proximity to the heat source. Figure 4(a) shows that the temperature slowly responds for the
case involving higher FMC. This behavior could be attributed to the higher thermal conductivity
of water compared to cellulose. The decay of mass fraction of moisture is illustrated in fig. 4(b),
and it is observed that the evaporation rate is low for the case with high FMC. In order to analyze
the temperature and FMC in the solid fuel at a region away from the heat source, temperature and
mass fraction of moisture have been plotted at time 5 s.

Figures 5(a) and 5(b) display the variation of the temperature and moisture mass fraction
variation, respectively, along the domain of the solid in x direction at y = 0 and 2 = 0.0315 m.
It is seen in these two figures that temperature and evaporation of moisture locally rise at a region
closer to the heat source. The temperature is higher all along the length for the case with lower
FMC and a significant amount of moisture remained in the sample at the time of ignition. Two-
dimensional contours of temperature and mass fraction of moisture are plotted along a zz slice
located at y = 0 for an FMC of 80% in the solid phase and is as shown in figs 6(a) and (b). High
temperature and moisture gradients are present along the x and z direction indicating that different
points in the domain pyrolyze at different instants and rates. These observations agree well with
the experiments [18] and are in contrast with the classical combustion model.

As aresult of pyrolysis, pyrolysate or fuel vapors are released into the gas phase. The reaction
of fuel vapors with air leads to flaming combustion. The fuel vapors are modeled as propane and
is assumed to mix with air. The ignition time observed was 3.6 and 4.5 s for the two cases with
an FMC of 40% and 80%, respectively. The two-dimensional contours of temperature and volume
fraction of moisture are plotted along an zz slice located at y = 0 are shown in figs 7(a) and (b)
for an FMC of 80% in the gas phase. Although ignition time was at 4.5 s for this case, flaming



combustion was observed at time 8 s, with peak gas phase temperatures at 900 °C. This flaming
combustion zone was initially observed at a region close to the radiative heat source. As seen from
fig. 7(b), the vapor (water) is predominant in the region away from the combustion zone, clearly
manifesting the point that evaporation and combustion occur together. A three-dimensional view
of instantaneous HRR are shown in fig. 8(a). The observed values are in the range of 30-50W.
These low values of HRR could be attributed to the smaller dimensions of the cellulose particle,
which result in low yields of fuel vapors.

5 Conclusions and Future Work

The effect of moisture content on pyrolysis and combustion of a thin cellulose particle subject to
heating by radiation has been investigated numerically. The thermal degradation reaction mecha-
nism used for cellulose breakdown was initially validated with other simulation and TGA exper-
iments. An FMC of 40% and 80% was considered during the study. The temperature response
and thermal degradation rate was higher for the case with 40% FMC and ignition occurred prior
to the 80% FMC case. In the solid phase local evaporation of moisture and temperature rise at a
point closer to the heat source was observed, also a significant amount of moisture remained in
the sample at the time of ignition indicating that different points in the domain pyrolyze at differ-
ent times. In the gas phase, high volume fraction of water vapor was observed in the region away
from the combustion zone clearly manifesting the point that evaporation and combustion can occur
together. The effect of heat source involving convection and combined radiation and convection
on fluid dynamics, moisture content, pyrolysis and combustion of live fuels involving single and
multiple fuel configurations will be the focus of our future work.
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Table 1: Initial mass fractions
FMC | Moisture | Cellulose | Ny (O}

80% 0.46 0.56 0.77 { 0.23
40% 0.22 0.78 0.77 { 0.23
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Figure 1: (a) Isometric view of computational domain showing thin cellulose particle subjected to
radiative heating from surface at + =-0.09 m, (b) two-dimensional view of computational domain
along the zy-slice at = =0.031 m. Point A located at + =-2 m, y =0, » =0.0315 m is considered for
analysis.
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Figure 2: Comparison between the results obtained in the current study (black) and simulations
of Blasi [4] (color) along the length of the specimen at different times; (a) Temperature (b) Mass
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Figure 6: Color contours of temperature (a), and mass fraction of moisture (b) at ¢ =8 s on an
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12



Slice
temp

720

650

580

510

370

300

230

160

920.0
200
(a)

molfmol

0.10

0.00

(b)

Figure 7: Color contours of temperature (a), and volume fraction of moisture (b) at ¢ =8 s on an
xz2-slice located at y =0 in the gas phase for a case with an initial FMC of 80%.



Figure 8: Three dimensional view of heat release rate (HRR) values in the gas phase at time 8 s for
a case with an initial FMC of 80% (colored values indicate HRR = 30W).
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