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The impact of pyrolysis gas composition and the underlying reaction Received 8 June 2021
kinetics on the burning characteristics of a leaf was computationally Revised 23 August 2022
investigated. The computational configuration resembled a previous Accepted 8 September 2022
experimental setup where vertically oriented manzanita KEYWORDS
(Arctostaphylos glandulosa) leaves were burned. Different composi- Pyrolysis; reaction kinetics;
tions and reaction kinetics for the pyrolysis gas released during the combustion; tar; live fuel
leaf thermal decomposition were examined. The most detailed com-

position included CHy, CO, CO,, and H,, which was suggested by the

previous experimental study of pyrolysis products of different plant

species. The least involved compositions only included either CH, or

CO. In all considered compositions, in addition to pyrolysis gas, the

release of the heavy gas, i.e. tar, was accounted for. Tar breakdown was

represented by a single-step reaction with the light gases above and

soot as the products where the stoichiometric coefficients were deter-

mined by an optimization technique for consistency with the measure-

ments for the tar molecule. The burning simulation results agreed best

with the previous experimental data when a mixture of CH4, CO, CO,

was used. The least agreement was noted when pyrolysis gas was

represented by only CH,. Inclusion of tar breakdown reaction appreci-

ably increased the overall heat release due to combustion of its

products above the leaf.

1. Introduction

Combustion of the pyrolysis gas released from a thermally degrading wildland fuel plays
a critical role in wildfire spread mainly by supplying heat to both burning and unburned fuel
particles. In fact, the pyrolysis gas is a complex and highly variable mixture of gaseous
species (Zhou and Mahalingam 2001). Volatile gases, in general, are comprised of non-
condensable light gases, such as CO, CO,, and H,, light hydrocarbons, such as CH,, C,Hs,
and C;Hg, and heavy condensable gases called tar (Di Blasi 2008; Lee et al. 2007; Leroy et al.
2008; Tihay et al. 2009; Safdari et al. 2018).

This motivated the study here as to how the model predictions are affected by the
assumed composition of the pyrolysis products and the corresponding reaction mechanism
describing their chemical evolution.
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Different approaches to model pyrolysis gas combustion have been proposed.
A straightforward method is to represent the combustible part of the pyrolysis gas with
only one fuel species. Considering the fact that carbon monoxide constitutes a considerable
part of the pyrolysis gas (Boroson et al. 1989; Wagenaar et al. 1993; Tihay et al. 2009; Safdari
et al. 2018), in some works (Grishin 1997; Morvan and Dupuy 2001; Morvan et al. 2004;
Zhou et al. 2005) the combustion of volatile gases was modeled by a single reaction for CO
oxidation. Some others (Yashwanth et al. 2016; Shotorban et al. 2018; Borujerdi et al. 2020)
used methane in lieu of carbon monoxide. In two studies (Ritchie et al. 1997; Mell et al.
2009a), the fuel was represented by a single but more involved species in the form of an
oxygenated hydrocarbon as Cs 4He 205 5. This was partly motivated by the fact that hydro-
carbon compounds in the form of oxygenated hydrocarbons were observed in the biomass
pyrolysis products (Ni et al. 2006).

In addition to one-step reaction kinetics models reviewed above, more advanced
schemes in the form of multi-step global, reduced, and skeletal mechanisms have been
used to model combustion of pyrolysis gases (Zhou and Mahalingam 2001; Leroy et al.
2008; Tihay et al. 2009). Zhou and Mahalingam (2001) assumed that the pyrolysis gas
consists of CHy, CO, CO,, and H; and developed a reduced mechanism for combustion of
this mixture. First, they derived a skeletal mechanism from GRI-Mech 3.0 (Smith et al.
2000) and then using steady-state and partial equilibrium assumptions (Turns 1996), they
obtained the reduced mechanism from the skeletal mechanism. This reduced scheme was
validated in three different settings. Furthermore, the impact of mixture composition on the
flame temperature and speed was investigated. It was noted that when the concentration of
CO and H, was smaller, flame temperature was lower. Leroy et al. (2008) performed
experiments on the burning of Pinus Pinaster, a common Mediterranean plant species.
They noted that the pyrolysis products were mainly composed of CHy4, CO, and CO,. They
proposed both skeletal and reduced reaction mechanisms for combustion of this mixture.
These mechanisms were tested against the experiments with a relative success, showing an
overall good agreement between experimental and simulated species concentration profiles.
Tihay et al. (2009) experimentally burned samples of six common Mediterranean plant
species. They determined the composition of gases released during the thermal decomposi-
tion of these samples. They observed that for all samples, CO, was the dominant gaseous
species followed by CO and H,O. Tihay et al. (2009) simulated the burning experiments
using four skeletal mechanisms and concluded that the one proposed by Peters and Kee
(1987) performed better in terms of the computational cost and agreement with the
experimental data.

Tihay et al. (2009) also examined three global mechanisms. Using global mechanisms is
advantageous with respect to the computational time (Tihay et al. 2009). The first
mechanism only included CO oxidation reaction and its reverse reaction. In addition to
this, the second mechanism included the one-step reaction of stoichiometric CH; com-
plete combustion. The third mechanism was similar to the second one, except for the fact
that the one-step reaction of CH4 was incomplete, including CO in the products. The
effect of the pyrolysis gas composition was also investigated in this work. Tihay et al.
(2009) observed that when CH4 was not present in the combustion model, the compar-
ison between numerical and experimental data was not satisfactory. On the other hand,
the results of the third mechanism matched reasonably well with the experimental data
for temperature.
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In the present work, the effects of pyrolysis gas composition and the corresponding
reaction mechanism on the burning of a leaf-like fuel were investigated. The work presented
here was in part motivated by the experimental findings of Safdari et al. (2018) where 14
plant species (dead and live) were heated by flow of hot gases exiting a flat flame burner
(FFB) and without any oxidizing agent to prevent flaming combustion. The temperature of
hot gases near the sample in the FFB was measured and reported to be ~ 765°C. Pyrolysis
products were analyzed, and it was shown that the composition of the pyrolysis products of
a specific plant did not change appreciably between dead and live states. Also, it was
observed that the condensable heavy gas, i.e. tar, had the highest mass yield among all
gaseous species in the volatile gas mixture. More importantly, it was noted that, for all plant
species, CO, CO,, CHy, and H, were the components of the light gas. Safdari et al. (2018)
averaged the yield of these four gases over 14 plant species and presented an average light
gas composition. Guided by this finding, several compositions were examined here.
Furthermore, since tar was shown to have a large yield, the influence of tar breakdown
considered as a secondary pyrolysis was also investigated.

2. Computational model

In this work, Gpyro3D (Lautenberger 2014) modified (Shotorban et al. 2018) and coupled
with Fire Dynamic Simulator (FDS) (McGrattan et al. 2013) was utilized for simulations.
Representing the thermal decomposition of the leaf, Gpyro3D numerically solves a set of
partial differential equations describing the thermochemical and physical processes
a porous solid fuel undergoes when subject to heating. On the other hand, FDS solves the
low Mach number form of conservation equations for mass, momentum, energy, and
chemical species in the gas phase surrounding the solid fuel. Here, FDS is set to run in
the Direct Numerical Simulation (DNS) mode. When FDS is run in the DNS mode,
convective heat flux on a solid surface is directly calculated from difference between the
solid surface temperature and the temperature of the gas in the adjacent computational cell.
The effect of soot formation and transport is neglected. Radiative heat transfer is dealt with
by the solution of radiation transport equation (RTE) for the gray gas. To solve the RTE,
a finite volume method with approximately 100 discrete angles is used. The absorption
coefficient of the gas mixture is calculated as the summation over individual gases’ gray of
band-mean absorption coefficient (McGrattan et al. 2013). Gray absorption coefficient of an
individual gas is evaluated by RADCAL approach (Grosshandler 1993). Gpyro3D and FDS
are coupled by imposing the continuity of temperature, mass fractions, and heat and mass
fluxes at the interface of Gpyro3D and FDS domains (Yashwanth et al. 2016).

Shown in Figure 1 is the computational setup used in the simulations. It resembles the
experimental setup of Prince (2014) where manzanita (Arctostaphylos glandulosa) leaves
were burned by means of convective heating. In each burning experiment, the leaf was
positioned in a glass duct so that its longest dimension had a vertical orientation. It is noted
that the leaves of a manzanita stand have a tendency for the vertical orientation (Wilken
1967). Convective heating was supplied by a flat flame burner (FFB) which was rolled into
a position directly under the leaf. The exhaust gases of the FFB were measured
undefined°C and 10 mol% oxygen prince (Prince 2014).

The computational setup dimensions are 0.18 x 0.25 x 0.32 m (x X y X z). Leaf faces
are parallel to FFB convection streams thereby inducing the formation of boundary layers
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Figure 1. (a) Isometric view of the computational domain displaying the vertically oriented solid fuel held
over an FFB, and (b) a two-dimensional view of the computational mesh on the yz plane showing the
nonuniformity of the mesh with finer grids in the central zone.

on the leaf faces. Consequently, a nonuniform mesh in the gas-phase domain with a finer
resolution near the faces was used. The central zone of the domain, which included leaves
and extended fromy = 0.025 m to y = 0.025 m, was resolved with a grid resolution of 120
X 99 x 216 (cell size of 1.50 x 0.51 x 1.48 mm) in x, y and z directions, respectively.
The rest of the domain has a coarser grid resolution of 120 x 132 x 216 (cell size of 1.50
x 1.51 x 1.48 mm).

The manzanita leaf is represented by a thin rectangular solid object centered 4 cm
above the bottom surface of the domain. Modeled leaf dimensions are 23.7 x 0.51 x 23.7
mm (x X y X z). A uniform mesh with a grid resolution of 48 x 6 x 48 in x, y and z
directions is used for the leaf in the Gpyro3D domain. Sufficiency of the grid resolutions
in both FDS and Gpyro3D domains have been demonstrated previously (Borujerdi et al.
2020; Borujerdi and Shotorban (2022). Also, it is noted that the overall energy transfer
from the gas to the solid fuel changed by only about 3% when the cell size in the FDS was
doubled in x and z directions. As a result of the chosen dimensions, the surface area is
computed 5.62 cm? which is identical to the mean measured area reported for manzanita
leaves (Pickett et al. 2010). Dry-basis fuel moisture content (FMC) is 63% as reported in
the experiments for a fresh live leaf (Prince 2014). With this moisture content, the initial
solid fuel mass in simulations is set to 0.2156 g. This value is within the range of measured
mass 0.2197 £ 0.0127 g reported for manzanita leaves with FMCs in the range of 44% to
107% (Pickett et al. 2010). The initial composition of the leaf dry mass is set to 33 wt%
cellulose, 33 wt% hemicellulose, and 34 wt% lignin (Sheng and Azevedo 2002; Pickett
2008; Prince 2014). Assuming that the dry mass of the leaf only consists of cellulose,
hemicellulose, and lignin will allow the use of a previously validated biomass pyrolysis
model described later in this section. A recent experimental investigation of live leaves
from several forest plants, excluding manzanita, revealed that while cellulose,
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Table 1. Thermophysical properties of the moist fuel constituents (Shotorban et al. 2018). Here, p is
apparent density, p true density, k thermal conductivity, and ¢ specific heat capacity. Dry fuel is regarded
to any of the species cellulose, hemicellulose, and lignin, assumed to have identical thermophysical
properties Miller and Bellan (1997).

Species p(kg/m?) p(kg/m?) k(W/mK) ¢ (kJ/kgK) Reference

Moisture - 1000 0.596 3.9 Bryden et al. (2002)

Dry fuel 650 2167 0.1256 23 Miller and Bellan (1997)

Char 350 2333 0.0837 1.1 Miller and Bellan (1997)
R4

R%. Tar —=» Gases
Virgini»Active

R3\ v Char +(1-v) Gases
Moisture &>Water vapor

Figure 2. Generic reaction mechanism for moist fuel (Shotorban et al. 2018) involving pyrolysis of dry fuel
constituents, viz. cellulose, hemicellulose and lignin at virgin states (Miller and Bellan 1997), and moisture
evaporation (Bryden and Hagge 2003). Corresponding kinetic parameters are given in Table 2. Here, v is
char formation mass ratio with values 0.35, 0.60, and 0.75 for cellulose, hemicellulose and lignin,
respectively (Miller and Bellan 1997).

hemicellulose, and lignin constitute a larger mass fraction of leaf species, they also contain
appreciable amounts of lipid and protein (Matt et al. 2020). Note that these latter species
are not included in the pyrolysis model here since the kinetic parameters of these two
species are not yet known for modeling purposes. Thermophysical properties of the dry
fuel constituents, char, and moisture are given in Table 1. The leaf thermophysical
properties are calculated using weighted average formulas based on the leaf instantaneous
composition and the values in Table 1.

The leaf is subject to convective heating through hot gases exiting the FFB situated at the
bottom surface of the computational domain. The FFB exit opening size is 0.18 x 0.25m
(x X y). Hot gases with 10 mol% oxygen enter the domain at 1000°C and at a velocity of 0.6
m/s as in previous experiments (Prince 2014; Prince and Fletcher 2014; Borujerdi and
Shotorban (2022). The lateral surfaces of the domain are modeled as solid walls with no slip
condition and fixed ambient temperature. The top surface is modeled as an open boundary.

To model the pyrolysis of the dry fuel, a kinetic scheme with ten reactions proposed by
Miller and Bellan (1997) for a dry biomass consisting of cellulose, hemicellulose, and
lignin was utilized. The validation of the pyrolysis model implemented here was pre-
viously conducted by Miller and Bellan (1997) and Shotorban et al. (2018) against TGA
data of Koufopanos et al. (1989). Moisture evaporation is also described by a first-order
Arrhenius reaction (Bryden et al. 2002). The reaction scheme is shown in Figure 2 and the
kinetic parameters for this scheme are given in Table 2. Char oxidation is not accounted
for in this work. Char oxidation may take place upstream of the flame where there is
sufficient oxygen. However, Burrows (2001) who experimentally investigated the burning
of different kinds of wildland fuels observed that for leaves, the contribution of the
flaming combustion to the leaf mass loss is much larger than the contribution of the
char oxidation.



COMBUSTION SCIENCE AND TECHNOLOGY e 2361

Table 2. Reaction kinetic parameters for moist solid fuel thermal
degradation (Shotorban et al. 2018) with pyrolysis reactions Ry — R4
for cellulose (C), hemicellulose (H) and lignin (L) (Miller and Bellan
1997), and moisture evaporation Rs (Bryden and Hagge 2003).

Reaction A(1/s) E(kJ/mol) Ah(kJ/kg)
Ri (O 2.80 x 10" 242.4 0
Rz (Q) 3.28 x 10™ 196.5 225
Rs (Q) 1.30 x 10'° 150.5 -20
Ri (H) 2.10 x 10'® 186.7 0
Rz (H) 8.75 x 10" 202.4 225
Rs (H) 2.60 x 10" 145.7 -20
Ri (L) 9.60 x 108 107.6 0
Rz (L) 1.50 x 10° 143.8 225
Rs (L) 7.70 x 10° 1114 -20
R4 4.28 x 100 108 -42
Rs 5.13 x 10™ 88 2260

3. Composition-reaction models
3.1. Light gas combustion model

The average composition of the light gas from pyrolysis of the plant species measured by
Safdari et al. (2018) is tabulated in Table 3. It is noted that the composition given in Table 3
is on a dry mass basis. Thus, considering live species and referring to Figure 2, gases
produced by reaction R; consists of ~ 60% (on mass basis) CO, 29% CO,, 9% CHy,, and
2% H,. Based on this light gas composition (which is the most inclusive one), other simpler
compositions are derived. Table 4 shows different light gas compositions studied in the
current work. It can be seen that compositions a and b are the simplest compositions in
terms of the number of species involved. They represent the released light gas by only CH,4
and only CO, respectively. As reviewed in § 1, this approach has been used frequently. In
composition ¢, which includes both CH4 and CO, weight percent of CO is assumed to be the
actual value reported in the experiments (Safdari et al. 2018) and then rest is assumed to be
CH,. Composition d deviates from the experimentally measured composition (composition
e) with H; excluded. This difference allows us to investigate the impact of H,. In accordance

Table 3. Average composition of light gas from pyro-
lysis of dead and live plant species (Safdari et al. 2018).

Gaseous Species Dead Plant Live Plant
co 58.5 59.8
Co, 30.2 29.3
CH, 9.8 9.0
H, 1.5 1.9

Table 4. Considered light gas compositions with their respective heat of

combustion.
Composition a b C d e
CO wt% - 100 60 60 60
CO, wt% - - - 30 29
CHs Wt% 100 - 40 10 9
H, wt% - - - - 2

Ah, (MJ/kg) 50 10.1 26.1 1.1 13
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Table 5. Chemical reactions used in the composition-reaction models. Kinetic parameters for reactions 2
and 3 are taken from McGrattan et al. (2013), for reaction 4 from Turns (1996), and for reaction 5 from
Miller and Bellan (1997). Here, Z, E, and B are pre-exponential factor, activation energy, and temperature
exponent, respectively.

No. Reaction Z E (J/mol) B Ah, (MJ/kg)
1 CH4 + 20, -> CO;, + 2H,0 N/A N/A N/A 50

2 C0+0.50, -> CO, 1.5 x 10° 4.184 x 10* 0 10.1

3 €O, -> CO0+0.50, 6.16 x 10" 32.8 x 10* -0.97 -6.4

4 H, 4+ 0.50, -> 2H,0 6.0 x 10'° 16.4 x 10* 0 120

5 Tar -> Light Gases (Refer to § 3.2) 3.0 x 10° 10.8 x 10* 0 0.042

with the compositions in Table 4, chemical reactions for CHy, CO, CO,, and H; in Table 5
are considered. Since the combustion of CH, assumed to be mixing-controlled and infi-
nitely fast, its kinetic parameters are not displayed. It is noted that the capability of FDS on
the DNS mode, where a combination of finite rate and infinitely fast reactions was used, was
previously demonstrated by comparing FDS results against the experimental data for
a Smyth burner configuration (McGrattan et al. 2013).

3.2. Tar breakdown model

Tar participates in both R, (tar formation) and Ry (tar destruction) in Figure 2. Tar cracking
process in which tar is decomposed into light gas, is a secondary pyrolysis process which
may occur as a result of tar heat up in the flame zone, and can influence species distribution
in the flame (Wurzenberger et al. 2002). The kinetic parameters for the tar breakdown is
shown in Table 5. To model the tar breakdown, the following generic one-step reaction
scheme is proposed:

CaHbOC — VCH4CH4 + VCQ2C02 + Vcoco + VHZHZ + Vcc, (1)

where the reactant is assumed a single tar molecule and the product is assumed to consist of
the light pyrolysis gases considered in the previous subsection and soot (C).

Considering the relative number of atoms of the reactant and the number of molecules in
the product in the chemical reaction above, the following system of under-determined
equations governs v’s

Ax =D, (2)
where X = [vcu, Voo, Voo Vi, ve] > and b = [a b ", Additionally, the constraint
x>0, (3)

must be satisfied for the non-negativity of the stoichiometric numbers of the products in
Eq (1).
Balancing the reaction in Eq (1) results in

A= (4)

S ==
NN O =
—_— O
S NN O
S O =

In Eq (1), b is set to
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b=[11.53 9.13 0.64]", (5)

to be consistent with the a, b and ¢ values, viz. Cy;53Hg 130064, provided by Thomas
H. Fletcher of Brigham Young University based on the averaging of tar composition across
15 live plant species measured by his research group in the study of the pyrolysis gases
released from plants under heating (Safdari et al. 2018; Safdari 2018). He also provided the
average nitrogen atoms of 0.03 for the tar molecule, which is neglected here because it is
much smaller than the other atom numbers.

It can be readily shown that matrix A in Eq (4) has full rank; hence, Eq (2) has infinitely
many solutions for x (Datta 2010). To find the general solution, since A is a 3 X 5 matrix,
three of the unknowns, e.g., the first three elements of x, are selected to be expressed in
terms of the remaining two unknowns using Eqs (2), (4) and (5)

vcu, = —0.5vy, + 2.2825, (6)
vco, = —0.5vy, + vc — 8.6075, (7)
Vco = vu, — 2v¢ + 17.8550, (8)

and then the non-negativity conditions in Eq (3) are applied on all unknowns

0 < vy, < 4.5650, 9)

0.5vy, + 8.6075 < ve < 0.5vy, + 8.9275. (10)

Using Eqs (6-10), a solution can be obtained by the following algorithm: (a) Choose
a value for vy, from the range specified in Eq (9); (b) Choose a value for v¢ from the range
given in Eq (10); (c) Calculate vcy,, vco, and veo using Eqs (6-8), respectively. It is evident
that vc = 0 does not satisfy the conditions in Eqs (9) and (10). This means that the
assumption of carbon production is a necessary condition for the existence of a solution
to Eqs (2-5). However, a vanishing stoichiometric number is possible for the rest of the
product molecules in the model reaction above.

For an underdetermined system of equations, such as Eq (2), there is often an interest in
the solution that minimizes x via the linear least-square criterion, viz.

argmin || x ||3, (11)
X

where || x|, indicates the magnitude of x. This is x = AT (AAT)ilb, aka the minimum-
norm solution (Datta 2010), for a general underdetermined system Eq (2) if A has full rank.
However, the solution obtained through this approach for A and b specified in Eqs (4) and
(5) does not satisfy the non-negativity constraint in Eq (3). To satisfy this, the optimization
problem in Eq (11) is solved with an objective function where in addition to || x ||3 , the
equality and inequality constraints in Eq (2) and Eq (3) are included with their associated
Lagrangian multipliers. Although this solution can be analytically obtained, the MATLAB
function lsqlin is used here to find it numerically because of its faciliness

x =[2.2825 0.0000 0.6400 0.0000 8.6075]T. (12)
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It can be readily shown that the solution above is identical to a solution obtained via Eqs
6-10) where vy, and v¢ are set to the lower bounds of inequalities in Eqs (9) and (10), viz.
vy, = 0 and v¢ = 8.6075. Since vy, = vco, = 0 in Eq (12), this corresponds to assuming
only CHy, CO and C are produced in the tar breakdown reaction Eq (1). Although the
solution in Eq (12) minimizes the stoichiometric numbers, the significance of this mini-
mization from the chemistry standpoint is not known.

Among solutions to Eqs (6-10), there are others which might be also of interest. For
example, setting vy, = 0 and v¢ = 8.9275, corresponding to the lower bound of Eq (9) and
upper bound of Eq (10) results in

x = [2.2825 0.3200 0.0000 0.0000 8.9275]T, (13)

which corresponds to the assumption that only CH4, CO, and C are produced. Similarly,
other solutions using the upper bound of vy, and the lower or upper bounds of v¢ may be
obtained. Setting vy, = 2.2825 and v¢ = 9.9087, the midpoints in the ranges given in Eqs
(9) and (10), respectively, results in

x =[1.1413 0.1600 0.3200 2.2825 9.9087]T. (14)

3.3. Modeling scenarios

In this work, seven models based on a combination of different light gas compositions and
chemical reactions are used to represent the gas-phase chemical kinetics. Each composition-
reaction model is identified by a combination of a letter and numbers. The letter denotes the
light gas composition according to Table 4 and the numbers denote the reactions describing
chemical evolution of the corresponding composition according to Table 5. For example,
Model al assumes all the pyrolysis gas is CH4 which undergoes reaction 1 in Table 5. Model
el-4 assumes the pyrolysis gas composition is 9% CHy, 60% CO, 29% CO,, and 2% H, and
the chemical conversion of this mixture is governed by reactions 1 to 4 in Table 5. Among
the seven models, two models (al and b2) are single-species single-reaction models and the
rest (c1&2, d1-3, el-4, d1-3&5, and el-5) are multi-species multi-reaction models. In all
scenarios, tar formation and decomposition reactions (R2 and R4, respectively, in Figure 2)
occur in the leaf. Note that not all the tar produced by reaction R2 is consumed by reaction
R4. The remaining tar is transported from the leaf into the surrounding. In models al, b2,
c1&2, d1-3, and el-4, tar in the surrounding gas remains inert while in models d1-3&5 and
el-5 tar reacts in the gas domain according to tar breakdown model discussed in
Section 3.2. Models d1-3&5 and el-5 are extensions to Models d1-3 and e1-4, respectively,
through inclusion of tar breakdown (reaction 5 in Table 5) so that the impact of tar
breakdown can be investigated.

4. Results and discussions

Figure 3 displays the temporal evolution of the normalized mass of manzanita leaf based on
averaged experimental data reported in Prince (2014) and results from current simulations
using composition-reaction models explained as undefined. During the experiments, mass
of the leaf was recorded by a cantilever mass balance, which was synchronized and time-
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Figure 3. Time evolution of the leaf mass normalized by the leaf initial mass in the experiments (averaged
of 18 runs) (Prince 2014) and current simulations with different composition-reaction models. In the
model names, the letter denotes the pyrolysis gas composition and the numbers indicate the reactions

used to describe chemical evolution of the pyrolysis gas. Shaded area is 95% confidence interval for the
experimental data.

stamped with video images (Prince 2014). It can be seen that the leaf mass loss is virtually
insensitive to the composition-reaction model up to ~ 4.5 s. This behavior can be attributed
to the fact that up to this time, mass loss is dominated by moisture evaporation to be
discussed later. Since the simulated leaf has the same FMC in all cases, their corresponding
predicted normalized masses are the same. After this time, the mass loss in Model al, where
the pyrolysis gas is represented only by CHy, progresses faster and thus, exhibits the largest
deviation from the corresponding experimental data. This is because CH, has a relatively
large heat of combustion (~ 50,000 kJ/kg) which results in a relatively large heat release rate
and therefore, the leaf receives more heat flux which accelerates its decomposition process.
Models c1&2 in which the pyrolysis gas is assumed to be 40 wt% CH,4 and 60 wt% CO,
shows the second largest deviation from the experimental data but this deviation is
appreciably smaller compared to the deviation exhibited by Model al. The reason is that
the overall heat of combustion of the pyrolysis gas Ah,, in this model, is smaller because of
the relatively small heat of combustion of CO (~ 10,100 kJ/kg). When no CHy is included in
the pyrolysis gas and it is represented only by CO, as in Model b2, a slight improvement in
the mass prediction compared to Model c1&2 is observed.

In Figure 3, Models d1-3 and d1-3&5 exhibit the best match with the experimental
data as far as the difference between experimental and modeling mass versus time is
concerned. This is further evident in Figure 4 where the relative difference between the
numerical and experimental mass is plotted versus time. In both these models, the
pyrolysis gas comprises of 10 wt% CHy, 60 wt% CO, and 30 wt% CO,. The only difference
between these models is that the tar breakdown reaction. We examined both Egs (12) and
(14) for the tar breakdown model in this work. However, the leaf mass loss behavior did
not exhibit a remarkable sensitivity to which equation was used. The results shown for the
composition-reaction models with the tar breakdown reaction, i.e., d1-3&5 and el-5, are
based on Eq (12). In both d1-3 and d1-3&5 models, only a fraction of the pyrolysis gas
(CH4 and CO) is combustible whereas in Models al, b2, and c1&2 the entire pyrolysis gas
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Figure 4. Time history of the relative difference between numerical and previous experimental normal-
ized mass Prince (2014) for various composition-reaction models investigated.

is combustible. Furthermore, the associated reaction with CO, (Reaction 3 in Table 5) is
endothermic, meaning that it absorbs heat to proceed. For these two reasons, less heat
transfers to the leaf when Models d1-3 and d1-3&5 are implemented. Hence, leaf
pyrolysis progresses more slowly, and consequently these models agree better with the
experimental data in terms of the mass evolution. This finding is consistent with that of
Tihay et al. (2009) who studied combustion of pyrolysis gas released from crushed
Mediterranean forest fuels. In Tihay et al. (2009), when the gas phase chemical kinetics
was modeled by a mixture of CHy, CO, and CO, and their associated reactions,
a reasonable match with the experimental data for flame temperature was achieved.
Comparing Models d1-3 and d1-3&5 in Figure 3 suggests that the inclusion of tar
cracking in the model somewhat accelerates the mass loss after ¢ =11 s. This acceleration
is likely because at least a portion of the overall heat released by the combustion of
secondary pyrolysis products provides additional heat feedback to the leaf.

When in Models e1-4 and el-5, pyrolysis gas composition is matched with the experi-
mentally measured one, the solid fuel mass loss slightly accelerates compared to Models d1-
3 and d1-3&5. This is because in Models e1-4 and el-5 the light gas composition is 9 wt%
CHy, 60 wt% CO, 29 wt% CO,, and 2 wt% H,. Although H, yield is small, because its heat of
combustion is very large (~ 121,000 kJ/kg), the presence of H, exhibits an impact on the
overall heat release rate and thus, the solid fuel decomposition. Again, it is noted that the
inclusion of tar cracking in Model el-5 accelerates the leaf mass loss.

Another important factor that could contribute to the distinct mass loss behaviors
observed in Figure 3, is different oxygen consumption behaviors for different fuel species.
It is noted that the O, consumption behavior for a specific fuel species is implicitly
accounted for through the kinetics parameters (such as O, reaction order) used to describe
the reaction rate of that fuel species.

Shown in Figure 5 are the simulated time histories of the solid fuel mass loss rate (MLR)
and heat release rate (HRR) in the gas phase. It is noted that experimental data for these
quantities are not given by Prince (2014). In Figure 5(a), it can be seen that for all models,
MLR initially remains zero from ¢ = 0 to ~ 1 s. Over this time period, the leaf undergoes
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heating without losing mass. Subsequently, a rapid rise is noted for MLR, it then attains
a peak value, and then slightly decreases. The time period from t =1 to ~ 4.5 s is when
moisture evaporation dominates the mass loss process. That is why MLR curves in
Figure 5(a) are nearly the same in this time period, given that the FMC is the same for all
models. Differences in the MLR curves start to appear shortly after the pyrolysis process
starts to dominate the leaf mass loss.

It is observed that for most of the time period between t = 4.5 and ~ 9 s, MLR for Model
al with methane as the only pyrolysis gas, exhibits the largest values. This behavior is mainly
attributed to the fact that in this time interval, the heat release rate in Model al is the largest,
as could be seen in Figure 5(b). As a result, the solid fuel receives a larger heat flux, its
temperature rises more rapidly, and consequently it loses mass at higher rates.

Model d1-3 displays the smallest overall value for MLR in the interval between t = 4.5
and ~ 12 s. Note that in Model d1-3 the light gas has a composition of 10 wt% CHy, 60 wt
% CO, and 30 wt% CO,. As shown in Figure 5(b), this model results in the least amount
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Figure 5. Time evolution of (a) the leaf mass loss rate, and (b) heat release rate in the gas phase for
simulations with different composition-reaction models.
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of heat release rate due to the fact that it has the least heat of combustion among all
models. Thus, the leaf pyrolysis rate is the slowest for most of the time. Consequently,
when Model d1-3 is applied, the leaf thermal decomposition takes the longest time of ~
15.5 s.

It is evident from Figure 5(b) that all HRR curves start to gain appreciable amounts at
around ¢t = 3 s. This initial similarity, as illustrated in Figure 5(a), is correlated with the
initial similarity in the pyrolysis rates (or MLRs) between all cases. Despite the differences in
the composition-reaction models, the onset of pyrolysis in the leaf in all scenarios is similar
and initial release of appreciable amount of pyrolysis is noted to occur around t = 3 s. After
t = 35, Model al displays the largest HRR values because of the largest heat of combustion
of the pyrolysis gas for this model as discussed earlier. If the time at which HRR reaches its
first local peak is assumed to represent the ignition time, then for all cases ignition time is ~
3.3 s. It is noted that ignition times were not reported in Prince (2014) for comparison.
However, in similar burning experiments on manzanita leaves with FMC 65%, an ignition
time of 3.1 s was reported by Borujerdi and Shotorban (2022). It is noted that in the burning
experiments Borujerdi and Shotorban (2022), ignition time is the time at which the first
sustainable flame was observed. However, in the simulations here, the ignition time is
determined based on when the HRR first exhibits a local peak. This difference in ignition
criterion could be a reason for the difference between the experimental and predicted
ignition times.

The HRR curves exhibit a similar trend in Figure 5(b). They start to rise around 3 s, later
reaching a maximum value, and eventually dropping to zero. The times of attainment of the
maximum and zero HRR are consistent with the corresponding times in the MLR curves
depicted in Figure 5(a). This consistency is because MLR and HRR are strongly related to
each other. In the other words, when MLR increases, gaseous fuel is generated from the leaf
pyrolysis and released into the surrounding gas at a higher rate and results in larger HRR
due to the fuel combustion. By the same token, when MLR decreases and approaches zero,
HRR drops and approaches zero as well. The computed HRR for Models d1-3&5 and el-5,
which account for the tar breakdown, exceed the computed HRR of Model al within
specific time intervals. For example, HRR of Model d1-3&5 becomes larger than that of
Model al from t = 11 to t = 13.5 s. At the first glance this seems to contradict with the fact

that the overall heats of combustion of the pyrolysis gases, Ah, = Z]ZL YjAh,j, correspond-

ing to Models d1-3&5 and el-5 are smaller than the heat of combustion of the pyrolysis gas
of Model al. However, according to the tar breakdown reaction, tar decomposes into CHy,
CO, and C, resulting in additional gaseous fuel species, which undergo combustion reac-
tions and increase the overall heat release rate.

Figure 6(a) displays the time histories of the leaf average surface temperature for different
composition-reaction models. It is noted that for almost the first 5 s, the temperature is not
sensitive to the composition-reaction models, which is due to the fact that water evapora-
tion is the dominant phenomenon initially and is handled similarly in all models. After this
initial time period, the temperature starts to rise with different rates for the composition-
reaction models. Models al and d1-3 exhibit the fastest and slowest temperature rise,
respectively. This is because the surface temperature and the mass evolution are interlinked.
A faster mass loss indicates a larger mass loss rate. As previously demonstrated, a larger
mass loss rate results in a larger heat release rate in the surrounding gas. Consequently,
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more heat is available to be transferred back into the solid fuel by means of convection and
radiation, which increases solid fuel temperature. It can be seen that all the simulated
average surface temperatures reach the steady state and plateau in the final few seconds.
This is because in all the simulations, the solid fuel burnout (a state at which the solid fuel
has been completely pyrolyzed and its mass loss terminates) occurs a few seconds before the
end of simulations. Since after burnout, the leaf no longer undergoes any thermochemical
process, its temperature is stabilized. Figure 6(b) shows the leaf median surface temperature
for Model d1-3 and experiments (Prince 2014). In the experiments, surface temperature of
one side of the leaf was recorded using a FLIR camera (Thermovision A20, wavelength 7.5-
13 pm). At these wavelengths, the IR camera sees the leaf surface but not the soot formed
due to the flaming combustion (Prince 2014). The error bars represent 25 and 75 percentiles.
Here, from all models, only for model d1-3 the median temperature is shown since its mass
loss exhibited the best agreement with the experimentally measured mass loss.
A temperature plateau of nearly ~T = 465 K is visible in the experimental data from t =
2 to 5 s. Prince (2014) attributes this plateau to the vaporization of the leaf moisture based
on the argument that evaporation is endothermic and tends to stabilize the temperature
around the water boiling point (473 K). This plateau is also observed in the simulations at
a lower temperature. After the plateau, temperature rises with larger rate for Model d1-3.
While in the final few seconds, the modeled median temperature plateaus, the experimental
one is still rising. In the experiments, as shown in Figure 3, the pyrolysis is slower than that
in the simulation. Therefore, at t = 18 s (the last time instance for which the experimental
data were given by Prince (2014)) the leaf still pyrolyzes and thus, its temperature changes
and does not exhibit a plateau.

The average surface temperature of the leaf is plotted against the fractional leaf conver-
sion defined as « = 1 — m/my in Figure 6(c). The temperature plateau can also be observed
in this figure. In the experiments, the plateau extends from a = 0.05 to & = 0.25 which
corresponds to t = 5 s, consistent with the results presented in Figure 6(a). In the simula-
tions, the plateau extends within the same range but at a lower temperature. Since « is
simply related to the leaf mass, and the latter is correlated with the leaf temperature, the
same behavior is noted here as in Figure 6(a), regarding how the simulated T vs & for
different composition-reaction models is compared with the experimental T vs « behavior.

The discrepancies between the modeling results and their corresponding experimental
data could be attributed to several factors. Chief among them are the solid fuel pyrolysis
kinetic model, the assumed rectangular shape for the leaf, and the composition-reaction
model. All reactions that are used here and given in Table 5 are global reactions. Global
reactions may overestimate the flame temperature (Zhou and Pereira 1998) compared to
when a skeletal or full reaction mechanism is used. This overprediction can result in
overestimation of the heat feedback to the leaf, and consequently in overestimation of the
leaf temperature. Furthermore, the composition of the pyrolysis gas (Safdari et al. 2018)
used here was measured under experimental conditions, which are not fully consistent with
the ones in the simulations here or the experiments of Prince (2014). The experiments of
Safdari et al. (2018) were carried out in an environment free of any oxidizing agent to
prevent flaming combustion. Moreover, in those experiments, the temperature of the gas
stream used as the heating source was reported to be ~765° C near the leaf, which is lower
than ~1000° C reported in the experiments for the heat source temperature near the leaf
(Prince 2014; Gallacher 2016) and simulations here. It is noted that formation of the flame
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in the experiments of Prince and simulations here further increases the temperature. The
yield of different gaseous species in the pyrolysis products is dependent on temperature. For
Models d1-3&5 and el-5 which include tar breakdown, additional source of discrepancy
could be how tar breakdown is modeled. It should be noted that lumping the very
complicated heavy tar into a single species as C;;.53Hg 130064 and assuming its breakdown
to take place through a single-step global reaction are simplifications made in the current
work. In fact, tar is a complex mixture of condensable hydrocarbon compounds consisting
of oxygenated hydrocarbons and polycyclic aromatic hydrocarbons (Ni et al. 2006). The
yields of different tar constituents not only depend on the plant species but also on the
heating conditions (Safdari et al. 2020). Hence, the chemistry governing the decomposition
of tar during the secondary pyrolysis can be very involved compared to the decomposition
reaction mechanism adopted in this manuscript.

Figure 7 shows the gas-phase temperature contours on x = 0 m plane, at t = 10 s for
three Models al, c1&2, and b2 corresponding to the CH, yield of 100, 40 and 0 wt%,
respectively. Here, a time of ¢ = 10 s is chosen since it is when the flame is growing and the
leaf MLR is rising and approaching its maximum. According to Figure 5(b), HRR for Model
al is 143 W at t = 10 s is the largest among all models. This indicates that more energy per
unit time is released from combustion reaction(s). As a result, the gas-phase temperature
reaches higher values around the reaction zone. Moreover, by means of convective trans-
port of heat in the gas, further downstream locations in the gas domain are heated by the
flame. Hence, the thermal plume is expected to be longer as can be observed in Figure 7(a).
Figure 5(b) shows that at time 10 s, the HRR of Model c1&2 is 55 W, which is smaller than
that in Model al by approximately a third. This difference is correlated with the fact that the
temperature rise near the flame zone is less appreciable and thermal plume is smaller in
Model c1&2 compared to Model al, as may be observed in Fig. 7(a,b). In Figure 7(c), which
corresponds to Model b2 with no methane yield in the pyrolysis gas, the temperature rise is
due to combustion of CO and is minimal compared to the other models which include
methane. An indication of this limited rise is small yellow spots near the trailing edge of the
leaf. According to Figure 5(b), HRR for this model at t =10 s is 19 W, which is
a substantially smaller value compared to the other two models. This difference is due to
relatively small heat of combustion of CO in Model b2. It could be said that, due to CH,4
relatively large heat of combustion, the methane yield in the pyrolysis gas plays a significant
role in the temperature rise of the gas phase and consequently the size of the thermal plume.

Shown in Figure 8 are the iso-surfaces of the heat release rate per unit volume
(HRRPUYV) of 8000kW /m?® in the gas phase, at t = 10 s for Models d1-3 and el-4 with
a difference that Model d1-3 does not include H,. HRRPUYV is calculated by adding up the
volumetric heat release rates for all reactions in the model. Comparing Figure 8(a,b) reveals
that H,, even with very low yield as in here, influences HRRPUV. This is attributed to the
very large heat of combustion of H, which is ~ 121,000 kJ/kg. This observation is also
consistent with the observation in Figure 5 where an overall larger HRR was noted for
model el-4. The size of the iso-surface in Figure 8(b) is greater, suggesting that a larger
portion of the gas domain is heated up by the energy release from combustion. As a result,
the overall thermal energy transferred to the leaf for model e1-4 is larger compared to that
for model d1-3. As a result, the heat flux from the flame to the solid fuel is greater in Model
el-4 and consequently, the leaf temperature rises more rapidly in this model. This differ-
ence is consistent with Figure 6(a), where at t = 10 s the average surface temperatures in
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Model el-4 is greater than Model d1-3. Accordingly, in Figure 5, Model el-4 displays
a value larger than Model d1-3 for MLR at this time.

Figure 9 displays contours of the mass fractions of tar and CO, and heat release rate per
unit volume on the x = 0 m plane at t = 12.5 s for Models d1-3 and d1-3&5. In both
models, the pyrolysis gas composition is 10 wt% CHy, 60 wt% CO, and 30 wt% CO,. The
difference between these two models is that the tar breakdown is accounted for in Model d1-
3&5 through Reaction 5 from Table 5. It is noted that ¢t = 12.5 s is nearly the time when
both MLR and HRR reach their peak. It is seen in Figure 9(a,b) that a substantial amount of
tar remains in the vicinity of the leaf in both models. Large mass fractions of tar seen here is
consistent with the experimental findings of Safdari et al. (2018); Amini et al. (2019); Safdari
et al. (2020), who reported large tar yields in the investigated plant species. However,
downstream of the leaf, for z>0.08 m, tar mass fraction in Model d1-3&5 is much smaller
than in Model d1-3. The reason for this difference is that in Model d1-3&5, tar breakdown
reaction is taken into account and as a result of this reaction, tar is consumed downstream
of the leaf whereas it is not in Model d1-3. It is noted that tar decomposition to the primary
light gases takes place at high temperatures (generally T>500°C (Scott et al. 1985)) and
sufficiently long residence times (Antal 1983, 1985; Evans and Milne 1987). The need for
high temperatures for tar cracking can also be understood from the fact that the pre-
exponential factor of the tar breakdown reaction (Miller and Bellan 1997) is relatively small
(0(10%) and O(10*) smaller than that for CO and H, reactions, respectively). The tempera-
ture downstream of the leaf, as determined in Figure 7, is considerably larger than
500°C. Moreover, a region right above the leaf trailing (top) edge may be in the wake of
the hydrodynamic boundary layers formed on the leaf lateral faces. Therefore, the gas in this
region has a smaller velocity and thus, a longer residence time which can facilitate tar
cracking. As a result of the tar cracking downstream of the leaf in Model d1-3&5, as seen in
Figure 9(b), the mass fraction of CO that is produced from secondary pyrolysis is significant
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therein (Figure 9(d)). In contrast, considerably less CO is noted in Figure 9(c) where the tar
breakdown is not accounted for. In this subfigure, all CO is produced by primary pyrolysis.

The products of tar breakdown, as discussed in § 3, are CHy, CO, and C. Therefore, in the
region where the secondary pyrolysis process occurs, gaseous fuel is generated and subse-
quently undergoes combustion. Hence, not only heat is released in the vicinity of the leaf
due to combustion of primary pyrolysis products but also heat is released further away from
the leaf due to combustion of secondary pyrolysis products, as could be seen in Figure 9(F).
As a result, the heat flux from the gas phase to the solid fuel increases, causing the leaf to
gain a higher average temperature and mass loss rate as seen in Figures 6 and 5, respectively.
On the other hand, when tar cracking is not accounted for, as in Model d1-3, all of the heat
released in the gas phase originates from the combustion of gaseous fuels which are
products of the primary pyrolysis. As soon as these light gases are transported into the
gas domain, they are exposed to sufficiently large temperatures (~1000° C) and ignite in the
vicinity of the leaf. Accordingly, the reaction zone wherein heat is released will be limited to
the close neighborhood of the leaf, as noted in Figure 9(e). The presence of a reaction zone
adjacent to the fuel particle for a high temperature convective heating, as seen in Figure 9(e,
F), is consistent with the experimental observations reported by McAllister and Finney
(2017). They observed that for high convective temperature, the ignition and flaming of
volatiles occur adjacent to the fuel particle.

5. Conclusions

Combustion of the gaseous components of the pyrolysis products is one of the key processes
responsible for spread of fire in wildland fuels. In this study, the influence of the adapted
composition of the gas released by the pyrolysis of a manzanita leaf, and the subsequent
reaction mechanism implemented to model the combustion of this gas, was computation-
ally investigated. Furthermore, the effect of the secondary pyrolysis, represented by the tar
breakdown in the gas phase, was studied. The computational configuration was designed to
resemble an experimental setup in which manzanita leaves were burned (Prince 2014).
Overall, a combination of seven composition-reaction models for the gas-phase combustion
was considered in this study. Among these models, two models were single-species and
single-reaction schemes representing the pyrolysis gases with only one species (either CHy
or CO). The remaining five models were multi-species and multi-reaction schemes. The
composition in the most inclusive model was chosen to be consistent with the major gases
determined via pyrolysis measurements conducted on live and dead leaves of dozens of
plant species (Safdari et al. 2018). They were CO, CO,, CHy, H,, and tar.

Comparison with the previous experimental data (Prince 2014) for the time history of
the normalized leaf mass showed that among all models, the model with the pyrolysis
gases represented by only CH, resulted in the fastest mass loss, exhibiting the largest
deviation from the experimental data. The model representing the pyrolysis gases with 10
wt% CHy, 60 wt% CO, and 30 wt% CO,, displayed the slowest mass loss and compared
the best with the experimental data. This behavior was mostly attributed to the fact that
CH,4 has a large heat of combustion compared to CO. Therefore, when the pyrolysis gas
was only CHy4, much more heat was released in the gas phase, which resulted in enhanced
heat feedback to the leaf and eventually accelerated its pyrolysis. Due to the increased heat
feedback to the leaf in case where the pyrolysis gases represented by only CHy, the average
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surface temperature of the leaf was the highest during the simulation. Average surface
temperature predicted by this model showed deviations as high as ~ 200 K from the
corresponding experimental data. In contrast, average surface temperature predicted by
the model in which the pyrolysis gases were 10 wt% CHy, 60 wt% CO, and 30 wt% CO,,
showed maximum deviation of ~ 50 K from the experimentally measured surface
temperature.

When H, yield of 2 wt%, as suggested by the measurements of Safdari et al. (2018), was
included in the model, even at this low level, it had a significant impact on the overall heat
release rate in combustion and thus, the leaf mass loss rate. Simulations shed a light on
how the tar breakdown in the gas phase could influence the leaf burning. It was noted that
the tar cracking mostly occurred above the leaf where tar might gain longer residence
times. As a consequence of the tar breakdown into the light gases, additional fuel species
including CO and CH,4 were generated. This extra fuel underwent combustion and thus,
additional heat was released in the gas phase. A portion of this heat was transferred back
into the solid fuel and somewhat increased its temperature and accelerated its mass loss
process.

Thus the overall conclusion in this manuscript is that the combination of pyrolysis gas
composition and reaction mechanism adapted has a strong influence on overall leaf burning
behavior. The detailed analysis of results provide direct insight into the specific reasons for
observed differences between various models. While there could be a surrogate fuel species
(Mell et al. 2009b) which may reproduce the leaf burning behavior, since leaves have
a complex structure with a variety of constituents, detailed representation of the pyrolysis
process in the leaf is of importance. Using a surrogate fuel species would be more appro-
priate for a larger-scale fire investigation where pyrolysis process is not as important as in
this work.
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