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a b s t r a c t

The effects of thermal radiation and moisture content on the pyrolysis and gas-phase ignition of a solid fuel

element containing high moisture content were investigated using the coupled Gpyro3D/FDS models. The

solid fuel has dimensions of a typical Arctostaphylos glandulosa leaf which is modeled as thin cellulose sub-

jected to radiative heating on one side. We incorporated a five-step extended Broido-Shafizadeh reaction

model for thermal degradation, moisture evaporation, and pyrolysis of cellulose in Gpyro3D. The solid-phase

model was successfully validated against published data. Ignition of the modeled leaf-like fuel element at

three initial moisture contents (5%, 40%, or 80%) exposed to a 1500 K radiant source was simulated. Lower

moisture content resulted in earlier onset of pyrolysis and ignition resulting in higher solid and gas phase

temperatures. Local moisture evaporation and temperature rise were observed in all three cases and a sig-

nificant amount of moisture remained in the sample during ignition. The numerical results suggested that

moisture content not only affected the process of pyrolysis, but also influenced the ignition and gas phase

combustion of the solid fuel.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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. Introduction

Fire burns in vegetation in many regions of the world; humans

nd ecosystems have evolved with this process [1]. While wildland

re is a natural and desired ecological disturbance in many areas, it

an also pose a threat to human life, property, and natural resources

n other areas. The vegetative fuel for wildland fire is a combination of

he living plants and their dead, cast-off foliage and branches. These

uel components have a variety of characteristics which influence the

yrolysis, ignition, and subsequent spread of a wildland fire [2]. Of

articular importance to fire is the quantity of water contained in the

uel components. Living plants actively regulate the water contained

n their plant cells while the dead components absorb and desorb wa-

er passively like a sponge [3]. Plants have adapted various strategies

o conserve water and the moisture content (mass of water expressed

s percentage of dry mass) which ranges from approximately 50% to

reater than 300% for some succulents. In contrast, the moisture con-

ent of dead fuels ranges from 0% to about 40% at saturation.

Many wildland fires burn in the elevated foliage and branches

collectively known as the plant’s crown) of living vegetation. These
∗ Corresponding author. Fax: +1 256 824 6758.

E-mail address: babak.shotorban@uah.edu (B. Shotorban).
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rown fires burn in coniferous forests in the Northern Hemisphere,

ucalyptus forests in Australia, and in shrubland types such as Cali-

ornia chaparral, Chilean mattoral, and Mediterranean maquis. In the

nited States, data used to parameterize the operational model used

y wildland fire managers to predict fire spread originated from ex-

eriments using dead woody material on the ground. Other empirical

odels have been developed from observed fire spread in live fuels in

he field [4–9]. These operational models [4–6] can predict fire spread

ate well for the conditions under which the data were collected, but

hey are less accurate for other conditions.

Because of its empirical-physical nature, the model developed by

othermel [4] does not explicitly model heat transfer modes as do

ther models, e.g., Pagni and Peterson [10] and Balbi et al. [11]. In

spreading wildland fire, fuel particles such as leaves and branches

n unburnt vegetation are exposed to convective and radiative heat

ransfer. The relative importance of external heat transfer mecha-

isms in wildland fire has been a subject of debate for several decades

nd recent work has begun to demonstrate the importance of convec-

ive heating [12,13]. According to McAllister et al. [14], when thermal

adiation alone was used as a heating mode, an addition pilot source

as required to cause ignition. However, according to Pickett et al.

15], when the convective heating was used; achieved by subjecting

he vegetation to hot gases, it caused ignition without the aid of a pi-

ot. Preliminary results of a current study have shown that a thermal

http://dx.doi.org/10.1016/j.combustflame.2015.10.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2015.10.006&domain=pdf
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1 The use of trade or firm names in this publication is for reader information and

does not imply endorsement by the U.S. Department of Agriculture of any product or
Greek symbols

τ stress tensor

χ s fraction of consumed fuel mass converted to soot

� filter width

δ cell size (m)

ω̇′′′ volumetric source term (kg/m3 s)

ε emissivity

να reaction stoichiometric coefficients

νt eddy viscosity (m2/s)

φ generic scalar

ψ porosity

ρ density (kg/m3)

K permeability (m2)

ν kinematic viscosity (m2/s)

Variables

Q̇ ′′′ heat of reaction in the solid phase (W/m3)

ŝ unit vector in the direction of radiation intensity

x̂ position vector (m)

Prt turbulent Prandtl number

Ru universal gas constant (J/mole K)

Sct turbulent Schmidt number

A pre-exponential factor (1/s)

Cs smagorinsky constant

cp specific heat capacity (J/kg K)

D diffusivity (m2/s)

E activation energy (kJ/mol)

G normalized filter kernel function

Gm specific gravity of moist wood

h sensible enthalpy (J/kg)

Hc heat of combustion (J/kg)

hc heat transfer coefficient (W/m2 K)

I radiation intensity (W/m2 sr)

k thermal conductivity (W/m K)

Mc fuel moisture content

Ms number of solid phase reactions

nα number of species

P background pressure (Pa)

p perturbation pressure (Pa)

Pg gas phase pressure within the solid fuel (Pa)

T temperature (K)

t time (s)

U total radiation intensity in the gas phase (W/m2)

W molecular weight (kg/kmol)

x distance (m)

Y mass fraction

y distance (m)

z distance (m)

J diffusion flux of gas phase species (kg/m2 s)

J
g
α diffusion mass flux (kg/m2 s)

n unit vector normal to the boundary surface

S strain rate tensor

u velocity vector (m/s)

ṁ′′ convective mass flux (kg/m2 s)

Superscripts

∞ ambient (as in the solid–gas interface)

sgs subgrid stress

Subscripts

α solid/gas phase species

d destruction

F fuel species

f formation
s

g gas phase within the solid fuel

s solid phase

adiation flux of 50 kW/m2 will not ignite live fuels. Gallacher et al.

16] and Engstrom et al. [17] used a radiant panel with a maximum

eat flux of 50 kW/m2 as the heating source to study effects of radia-

ive heating on the leaves of manzanita (Arctostaphylos glandulosa),

ak (Quercus berberidifolia), ceanothus (Ceanothus crassifolius) and

hamise (Adenostoma fasciculatum) species. They reported that no

gnition or visible flame was observed when the radiation alone was

he source of heating, so the radiant source was dropped from the

xperiment in order to determine the burning characteristics using

he flat flame burner convective source. The experiments measured

he surface and tip temperature history of the leaf using IR camera

nd type-K thermocouple respectively. Ignition criteria used in these

xperiments was based on a visible flame through a video data ob-

ained at 30 frames per second using PCI 1411 (NI)DAQ card and Hi-8

amcorder.1

When a solid fuel is heated to a sufficiently high temperature, it

ndergoes thermal degradation [18]. For the purpose of modeling,

hermal degradation is assumed to occur in two sequential steps.

he first step is pyrolysis, which is usually an endothermic process

hat breaks down vegetation composed of cellulose, hemicelluloses,

nd lignin into low molecular mass gases (pyrolyzates), tars, carbona-

eous char and mineral ash. The second step is combustion wherein

he gases are ignited and oxidized resulting in a visible diffusion

ame. Ignition criteria have been defined for solid phase, the gas

hase or combined solid and gas phases [19]. In the present study,

e defined ignition based on the gas phase. Critical mass flux and

eat release rate (HRR) define ignition. A single value of heat re-

ease rate, as a reasonable criterion for ignition, has been proposed

20,21]. We defined ignition as the time at which the HRR exceeded

00 kW/m3 in the gas phase over the surface of cellulose element.

ny value above this critical value would mean an active flame ob-

erved in the simulation over the solid fuel.

The solid fuel (vegetation) consists of different polymers present

n the organic fraction of the fuel and the mass of the inorganic

raction is generally very low in most fuels ( < 5%). Hemicellu-

ose, cellulose and lignin comprise 20–40%, 40–60%, and 10–25% of

iomass, respectively [2,22,23] with cellulose being the main com-

onent [22]. The interest in modeling fire and using biomass as

n energy fuel has resulted in a large body of work characterizing

iomass fuels and their thermal degradation over the past 60 years

18, 24–27]. Chemical reactions of cellulosic materials exposed to

igh temperature sources can be broadly classified as primary and

econdary reactions. Primary reactions are concerned with the degra-

ation of the cellulosic fuel into char and numerous volatile prod-

cts whereas secondary reactions are those undergone by primary

olatile products [28]. The first kinetic models were proposed in the

960s by Kilzer and Broido [29], Chatterjee and Conrad [30] and

hafizadeh [31], and form the basis of more recent kinetic models.

ellulose is assumed to decompose through two parallel or com-

etitive reactions [29,31]. Results obtained by Broido [29] and other

nvestigators [30,31] indicated that lower heating rates yield more

har. Below approximately 280 °C, the formation of char is assumed

avored while above this temperature, formation of tar is assumed

avored. The reason for this assumption could be due to the pre-

ominant depolymerization reactions associated to the breakage of

lycosidic bonds [32].
ervice.
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For high heating rates (4000–10, 000 °C/s), Lewellen et al. [33]

uggested that there is no char formation and liquid tar is produced

nstead. Several investigators have developed multi-step kinetic mod-

ls derived from the original mechanism of Kilzer and Broido [29].

radbury et al. [34] reformulated Broido’s reaction model by intro-

ucing active cellulose, as an intermediate species between native

ellulose and reaction products and this reaction model is called

s ‘Broido–Shafizadeh model (BS)’. The ‘extended Broido–Shafizadeh

odel’ [35] was developed by Blasi [28] who used the BS model and

xtended it to include secondary reactions for tar cracking.

Water present in vegetation is an important factor that influences

he burning behavior of live fuels [36] and vegetation flammability

as been associated with its moisture content (mass of water as a

ercentage of dry mass – FMC). However, recent work suggests that

oisture content changes (and hence flammability) over a growing

eason in response to lack of precipitation are also due to changes in

he biomass as a result of growth and other physiological processes

37]. Jolly et al. [37] demonstrated that changes to dry matter ex-

rt a stronger control on seasonal live fuel moisture content dynam-

cs than actual changes in water content, and their results challenge

he assumption that the fuel moisture content variations are strongly

elated to water stress. In addition to the water contained in living

lants, water is also a product of pyrolysis and the combustion re-

ction [38]. When the oven-dry moisture content exceeds 56% in an

dealized fuel, the amount of water released by evaporation exceeds

he amount produced by combustion [39].

In a series of numerical experiments wherein water vapor was

ntroduced into the gas mixture of an opposed flow flame and of a

iffusion flame, water vapor diluted the mixture making it more dif-

cult to generate a flammable mixture [40]. Ignition temperature of

ood has been found to increase by about 2 °C for each percent in-

rease in moisture [41]. Water has three effects on the solid phase

42]: it changes the thermal properties of the material (density, ther-

al conductivity, and specific heat), it transfers heat by molecular dif-

usion, and its evaporation is strongly endothermic. Some disagree-

ent is evident in the literature about whether FMC has a stronger

ffect on the solid phase or the gas phase. Babrauskas [19] states

he gas phase effect to be minor in comparison to the solid phase

ffects. Moreover, temperature profiles and pyrolysis rates at differ-

nt points are modified by the FMC. However, Abu-Zaid [43] claims

hat the increase in ignition temperature with FMC is more impor-

ant than the impact on solid pyrolysis. Pickett et al. [15] investigated

he burning of various live leaf samples in detail and reported that

gnition did not occur at the end of global evaporation, as predicted

y conventional models, but possibly at the end of local evaporation.

hey also found that a significant amount of moisture (30–60%) re-

ained in the sample for most species at the time of ignition. The

xperiments did not focus on pyrolysis and other physical processes

nside the fuel. Experiments conducted by McAllister et al. [14] also

eported significant temperature and moisture gradients inside the

olid during pyrolysis of live foliar fuels which have been assumed to

e thermally thin. The research work so far in the context of live fu-

ls [14–16] has been successful in describing the burning character-

stics of individual live leaf samples in terms of temperature at which

oisture is released, ignition time depending on the species FMC and

urnout times. However, there is a dearth of information regarding

ow the constituents of these species are structurally and chemically

ifferent from other species [44] and even less information on how

oisture is distributed within them. To the best of our knowledge,

ehavior of moisture in the context of wood has been well estab-

ished but in the context of live fuels, more investigation is required

n order to accurately model the physical system. Considering such

limitation, our investigation focuses on main components such as

ellulose and water, based on available literature of wood in order

o facilitate computational modeling of an individual leaf-like fuel

lement.
The main aim of the present work is to better understand the ef-

ects of thermal radiation and moisture content on pyrolysis of solid

uel composed of cellulose and the subsequent gas phase ignition.

his was accomplished by taking into account multi-step thermo-

hysical processes occurring in the solid fuel and the associated com-

ustion of the released gases using a three-dimensional solid-gas

oupled model. The solid model used Gpyro3D [45] for pyrolysis and

he gas phase fluid dynamics and combustion were solved using Fire

ynamics Simulator (FDS) [46,47]. Development and validation of

his model is the first step in our effort to model the pyrolysis and

gnition of live vegetation and compare the results to data from the

IST apparatus and a flat-flame burner with a radiant panel [14,16].

. Mathematical and reaction models

Prior work has observed appreciable temperature and moisture

ariation on the surface of leaf fuel particles [15] and according to

cAllister et al. [14] these gradients were observed along the depth of

he fuel, indicating a three-dimensional nature of pyrolysis. CFD mod-

ls such as FDS and FireFOAM divide the surface of three-dimensional

bjects into multiple one-dimensional “patches”; heat is transferred

nly in the direction normal to the surface of a patch, but not laterally

n the directions parallel to the surface [45], which is important in

he present context. Therefore, to investigate the three-dimensional

ffects during fire initiation and propagation on fuel elements where

ultidimensional heat and mass transfer effects are significant, a

ully coupled Gpyro3D-FDS model is used. The solid phase model

pyro3D has been coupled to the gas phase (FDS), at the interface by

autenberger [45]. Detailed description of numerical approach, math-

matical models used in Gpyro3D and FDS are given by Lautenberger

45] and McGrattan et al. [47], respectively. However an overview of

overning equations in FDS (gas phase domain) and Gpyro3D (solid

hase domain) outlining the variables involved during the coupling

etween solid-gas phase domain is presented here. Also, details of

he existing and improved coupling method along with the pyrolysis

odel for cellulose are discussed.

.1. Gas-phase equations

Large eddy simulation (LES) is used to deal with turbulence in this

tudy. Given a generic field variable f(x, t), which is a function of po-

ition vector x and time t, LES is based on spatial filtering expressed

s:

f̄ (x, t) =
∫

f (x′, t)G(x, x′;�)dx′ (1)

here overbar denotes a spatially filtered quantity. Here G is a nor-

alized filter kernel function, with � denoting the filter width and

he integration is performed over the spatial domain. For compress-

ble flows, it is more convenient to work with density-weighted or

avre filtered field (denoted by tilde) defined f̃ (x, t) = ρ f/ρ̄ .

The filtered equations of FDS are presented below followed by

ormulations for combustion chemistry, thermal radiation and con-

ective heat transfer. Further details of the gas phase equations, in-

luding the numerical approach, discretization and boundary condi-

ion implementation can be found in [47]. The Favre-filtered trans-

ort equations for mass, species, momentum and enthalpy, combined

ith the equation of state (EOS), shown below in Eqs. (2)–(6), pro-

ide nα + 5 independent equations (nα is the number of species) for

α + 5 unknowns including density, nα − 1 mass fractions, 3 velocity

omponents, hydrodynamic pressure, and enthalpy:

∂ρ̄

∂t
+ ∇ · (ρ̄ũ) = 0, (2)
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Table 1

Constitutive relations and subgrid models. The eddy viscosity is obtained

from the constant coefficient Smagorinsky model, νt = (Cs�)2|S̃| with

Cs = 0.2 and � = δ. The magnitude of the strain rate is |S̃| = (2S̃ : S̃)1/2.

The turbulent Schmidt and Prandtl numbers are assumed as Sct = 0.5 and

Prt = 0.5, respectively.

Species flux
(
J̄α + Jsgs

α

)
= −ρ̄(D̃α + νt

Sct
)∇Ỹα

Momentum flux τ̄ = −2μ̃
(
S̃ − 1

3
(∇ · ũ)I

)
τsgs,d ≡ τsgs − 1

3
trace(τsgs)

= −2ρ̄ν̃t

(
S̃ − 1

3
(∇ · ũ)I

)
Heat flux (q̄ + qsgs) = −(k̃ + ρ̄ c̃p

νt

Prt
)∇ T̃

Table 2

Summary of source terms: The combustion model is based on mixing time

τ (see Section 2.1). In the radiation source term I represents the emission

term based on filtered temperature of the gas or temperature of the solid

fuel. The term U represents the integrated radiation intensity. Detailed de-

scription about the formulation of these terms could be found in [47].

Chemical source term ṁ′′′
F

= − min(ρ̄ỸF , ρ̄ỸO2
rO2

)

τ

Radiation and diffusion source terms qd = − ∑
α ρ̄Dα h̃α∇Ỹα

q̇′′′
r = κ[4π Ib(T̃) − U]
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∂ρ̄Ỹα

∂t
+ ∇ ·

(
ρ̄ũỸα

)
= −∇ ·

(
J̄α + Jsgs

α

)
+ ṁ′′′

α , (3)

∂ρ̄ũ

∂t
+ ∇ · (ρ̄ũũ) = −∇ p̄ − ∇ · (τ̄ + τsgs) + ρ̄g, (4)

∂ρ̄h̃

∂t
+ ∇ .(ρ̄ũh̃) = DP̄

Dt
− ∇ · (q̄ + qsgs + q̄d) + q̇′′′ − q̇′′′

r , (5)

P̄ = ρ̄RuT̃

nα∑
α=1

Ỹα

Wα
, (6)

In the above set of equations, ρ̄ is the filtered gas mixture density,

ũ denotes the Favre-filtered velocity vector, P̄ is the background pres-

sure, P̄ is the perturbation pressure, T̃ is the filtered gas phase tem-

perature, and Ru is the universal gas constant. In the filtered species

conservation Eq. (3), Ỹα is the mass fraction of the gas-phase species

α, ṁ′′′
α is the chemical source term due to combustion, and J̄α and

J
sgs
α represent the molecular species diffusion flux and subgrid-scale

(SGS) species diffusion flux, respectively. In the momentum Eq. (4),

and τ̄ and τsgs represent viscous and SGS stress tensors, respectively.

In the energy Eq. (5), h̃ is the sensible enthalpy of the gas mixture, q̄,

qsgs and q̄d represent the conductive, SGS heat and diffusive fluxes,

respectively, q̇′′′ denotes the source term due to heat release dur-

ing combustion, and q̇′′′
r accounts for the radiation. All the formula-

tions pertaining to flux and source terms are given in Tables 1 and

2 respectively. Eqs. (2)–(5) are solved using a Predictor–Corrector

method. First the thermodynamic variables ρ̄, Ỹα and P̄ are com-

puted, followed by calculation of velocity divergence in the predictor

step which is then used as a constraint to solve the Poisson equation

for the hydrodynamic pressure in the correction step. The convective

fluxes are computed using second order TVD schemes such as Su-

perbee and the spatial and temporal discretization is second order

accurate. Calculation of the time step is based on satisfying stability

criteria dictated by Courant number, which is based on the cell face

convective velocities.

The chemical source term for fuel ṁ′′′
F

is modeled using the Eddy

Dissipation Concept (EDC) [48]. The equation for this term is given

in Table 2 where τ is the mixing time and calculated in this work

through a procedure similar to what McGrattan et al. [49] propose.

Three physical processes of diffusion, subgrid-scale turbulent diffu-

sion and buoyant acceleration are taken into account and the mix-

ing time is calculated locally based on the fastest of them as the

controlling time scale: τ = min(τd, τu, τg) where τd = �2/DF , τu =
EDC�2Sct/νt [50] and τg =
√

2�/g, are time scales associated with

iffusion, subgrid-scale turbulent diffusion, and buoyant accelera-

ion, respectively. Here, DF is the fuel molecular diffusion, and CEDC

s a model constant set to 0.1 [50].

.1.1. Chemical reactions

The molar heat of combustion for a given chemical reaction at

onstant pressure is [51,52]

Hc = −
∑
α

ναhα(T)Wα (7)

here να , hα , Wα are the stiochiometric coefficient, total enthalpy

nd molecular weight of the gas species α, respectively. The simpli-

ed stiochiometric relation

H4 + 2(O2 + 3.76N2) → CO2 + 2H2O + 7.52N2 (8)

s used to model the chemical reaction between air and fuel vapor

enerated by solid pyrolysis, where the latter is modeled as methane.

t is noted that the main pyrolysis gases produced by cellulose con-

ain carbon dioxide, carbon monoxide and hydrogen in addition to

ethane. It was indicated by Yang et al. [22] that methane is a

ain gas product during the pyrolysis of cellulose, hemicellulose and

ignin. Following the work by Dahale et al. [53], who used methane as

surrogate fuel for the modeling of wildland fires, here we also used

ethane as a surrogate to facilitate the modeling.

The heat release rate (HRR) per unit volume of the combustion

rocess can be represented in terms of heat of combustion,

˙ ′′′ = −ṁ′′′
F
�h̃c (9)

here �h̃c = �Hc/WF is the mass-based heat of combustion evalu-

ted at T̃ . The efficiency of combustion calculated during the simula-

ion was in the range of 60–70% at peak HRR.

.1.2. Thermal radiation transport

The net contribution from thermal radiation in the energy equa-

ion of the gas phase is defined by the radiation transport equation

RTE):

ˆ · ∇ Ī(x, ŝ) = κ[Ib(T̃) − Ī(x, ŝ)] (10)

here I(x) is the solution of the RTE, Ib(x) is the emission source term

valuated using the filtered temperature field T̃ [47] and κ(x) is the

bsorption coefficient. The absorption coefficients are obtained for

arious species during the chemical reaction and soot using a narrow-

and model called RadCal [54]. Here we have invoked the grey gas

ssumption, which is appropriate for fires from vegetative fuels [55].

oot evolution model is not used, instead the mass of soot generated

s based on an assumed fraction, χ s, of the mass of fuel gas consumed

y the combustion reaction. The value assumed for χ s is 0.01 based

n data available for Douglas fir ranging from less than 0.01 to 0.025

nder flaming conditions [56]. The number of solid angles used here

as 104. Integrating the RTE (10) over all the solid angles gives the

quation for conservation of radiant energy.

˙ ′′′r (x) = κ[4π Ib(T̃) − U(x)] (11)

here Ū is the integrated radiation intensity. The radiation equation

s solved using a finite volume method based on Raithby and Chui

57]. The finite volume solver requires about 20% of the total CPU time

f a calculation, a modest cost given the complexity of radiation heat

ransfer.

.1.3. Convective heat transfer

In the LES calculation, convective heat flux to the surface of the

olid fuel is obtained from a combination of natural and forced con-

ection correlations

= max

[
C|Tg − Ts| 1

3 ,
kg

L
(0.0037)Re

4
5 Pr

1
3

]
W/m2 K (12)
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Table 3

Initial mass fractions of solid and gas species within the solid fuel.

FMC (%) Moisture Cellulose N2 O2

80 0.46 0.54 0.77 0.23

40 0.22 0.78 0.77 0.23

5 0.04 0.96 0.77 0.23

Fig. 1. Schematic representing bilinear interpolation used to couple the solid fuel do-

main solver variables to gas-phase solver variables; top view of xy-slice at the interface

of solid fuel and gas-phase domain.
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here C is the coefficient for natural convection (1.52 for a horizon-

ally oriented solid fuel) [58], L is a characteristic length related to the

ize of the solid fuel used, kg is the thermal conductivity of the gas,

nd the Reynolds Re and Prandtl Pr numbers are based on the gas

owing past the obstruction. The convective heat flux calculation is

ased on the formulation given in Table 2.

.2. Solid-phase equations

The three-dimensional porous media conservation equations for

ass, species, momentum and energy in Gpyro3D, the solid fuel

odel, are presented below in Eqs. (13)–(18). The following assump-

ions are inherent to this model:

• Each solid phase species α has well-defined properties that are

temperature dependent: bulk density (ρα), specific heat capacity

(cpα), effective thermal conductivity (kα), emissivity (εα), perme-

ability (Kα), porosity (ψα).

• Radiation heat transfer across pores is not accounted for and only

surface absorption of radiation is considered.

• All gaseous species within the solid fuel have equal diffusion co-

efficient, D (independent of temperature).

• Darcian pressure-driven flow through porous media (Stokes flow).

• Unity Schmidt number, hence ν = D.

• Gas phase and solid phase are in thermal equilibrium (Tg = Ts).

• No shrinkage or swelling (volume change) occurs.

∂ρs

∂t
= −ω̇′′′

f g, (13)

∂ρsY
s
α

∂t
= ω̇′′′

f sα − ω̇′′′
dsα, (14)

∂(ρshs)

∂t
= −∇ · qs − Q̇ ′′′

s−g +
Ms∑

α=1

(ω̇′′′
f sα − ω̇′′′

dsα)hα (15)

∂ρgψ

∂t
+ ∇ · ṁ′′ = ω̇′′′

f g (16)

∂ρgψY g
α

∂t
+ ∇ ·

(
Y g
αṁ′′) = −∇ · Jg

α + ω̇′′′
f gα − ω̇′′′

dgα (17)

here

s = −k∇Ts, ṁ′′ = −K

ν
∇Pg, Jg

α = −ψρgD∇Y g
α. (18)

he solid phase mass, species and energy conservation are given in

qs. (13)–(15). Similarly mass, and species conservation for the gas

hase present within the solid fuel are presented in Eqs. (16)–(17).

n these equations, ρs, hs, ψ , K, k denotes weighted quantities i.e.

= ∑
Xαkα . Subscripts s, g, α, f, d denote solid phase, gas phase

ithin the solid fuel, solid/gas-phase species within the solid fuel,

ormation and destruction, respectively. Eq. (16) of the mass conser-

ation of gas species is not explicitly solved, but it is used to form

pressure evolution equation through the ideal gas law for the gas

hase density ρg and Darcy’s law for the convective mass flux ṁ′′ as

hown in Eq. (18). The diffusion coefficient D in Eq. (18) is calculated

rom Chapman–Enskog theory [59]. In Eq. (18), ν is the kinematic vis-

osity of gas species. The term ω̇′′′ represents volumetric source term

or formation or destruction of species and Q̇ ′′′ represents the volu-

etric source term for heat generated or absorbed during any reac-

ion. The details on the formulations of the source terms are given in

45].

When discretized, the above equations yield a system of coupled

lgebraic equations that are solved numerically. Due to the nonlin-

arity introduced by the source terms and temperature-dependent

hermophysical properties, a fully-implicit formulation is adopted for

he solution of all equations. The condensed phase energy conserva-

ion equation, gas phase species conservation equation, and gas phase
omentum conservation equation are solved using the Tridiagonal

atrix Algorithm [60]. The solid fuel mass and species conservation

quations are solved with a customized fully implicit solver that uses

elaxation to prevent divergence.

Initially, the solid-phase domain in Gpyro3D consists of the solid

hase species including moisture and cellulose, and the gas phase

pecies including nitrogen and oxygen with initial mass fractions

iven in Table 3. The initial temperature and ambient pressure are

00 K and 101.3 kPa, respectively. Gpyro3D (solid fuel domain) is cou-

led to FDS (gas phase domain) by obtaining the temperature, total

adiation intensity, species mass fractions and convective heat trans-

er coefficient from FDS, which are applied as boundary conditions

o the solid phase. The following equation is used as the boundary

ondition for the solid phase energy Eq. (15):

∇Ts · n = ε̄U − ε̄σ T 4
s − hc

(
Ts − T̃∞

)
(19)

here quantities hc, T̃∞, U that represent heat transfer coefficient,

mbient fluid temperature, and total radiation intensity are obtained

rom the gas phase domain (FDS domain) external to the solid fuel.

o boundary conditions are needed for the mass or solid phase

pecies conservation equations since there are no convective or dif-

usive terms in Eqs. (13) and (14). The gas phase species conservation

q. (17) uses the following equation:

˙ ′′
α · n − Y g

αṁ′′ · n = hc

cpg

(
Y g
α − Ỹ ∞

α

)
(20)

here ṁ′′
α is the total mass flux of species α, ṁ′′ is given in Eq. (18)

nd Ỹ ∞
α represents the ambient mass fraction of the species α given

y FDS.

In the existing coupling method, a solid fuel cell in Gpyro3D at

he interface communicates with the closest gas phase cell in the FDS

omain. This communication is schematically shown in Fig. 1. In this

gure, filled circles represent the centers of FDS cells shown by rect-

ngles with dark lines. Open circles represent the centers of Gpyro3D

ells shown by gray lines. Here, φ is a generic variable, e.g., a particu-

ar species, of the FDS domain. Indices i and j represent the cell index

f the FDS cell in x and y directions, respectively. Consider � to rep-

esent the interpolated value of the same variable in Gpyro3D. Here,

bilinear interpolation scheme is employed at the interface of solid
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Table 4

Kinetic data pertaining to 5-step reaction model in the solid fuel.

Reaction A(s−1) E(kJ/mol) �h(kJ/kg)

R1 5.13 × 1010 88 44

R2 2.8 × 1019 242.4 0

R3 1.3 × 1010 150.5 418

R4 3.28 × 1014 196.5 418

R5 4.28 × 106 108 −42
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Fig. 2. (a) Isometric view of computational domain showing thin cellulose particle

subjected to radiative heating from surface at x = −0.09 m and (b) two-dimensional

view of computational domain along the xz-slice at y = 0. Point A located at x =
−0.02 m, y = 0, z = 0.031 m is considered for analysis.

d

s

c

F

a

t

i

fuel and surrounding gas phase:

�(x, y) = φi, j + φi, j − φi+1, j

xi − xi+1

(xi − x) + φi, j − φi, j−1

yj − yj−1

(yj − y). (21)

The above interpolation scheme was utilized at all interfaces of the

solid fuel and gas-phase domains. After the needed variables are

passed from FDS to Gpyro3D, the solution is advanced for one time

step for the solid fuel domain. The obtained temperature, convective

heat flux, species, and species mass fluxes at the interface are then

communicated from Gpyro3D to FDS. Then the FDS solver is advanced

in time for one time step.

2.2.1. Chemical reactions

The chemical reactions included in the solid phase to model py-

rolysis are as follows:

Moisture (s) −→ Water vapor (g) (R1)

Cellulose (s) −→ Active cellulose (s) (R2)

Active cellulose (s) −→ Char (s) + Fuel vapors (g) (R3)

Active cellulose (s) −→ Tar (g) (R4)

Tar (g) + O2 (g) −→ Fuel vapors (g) (R5)

Reactions R2–R4, [34], are primary reactions and R5 [28] is a sec-

ondary reaction for pyrolysis of cellulose. The primary reactions

are concerned with the breakdown of cellulose to lower molecu-

lar weight gases while the secondary reaction, which is an oxida-

tion reaction, is concerned with the tar breakdown to low molecular

weight gases. In the current study, reaction R1 and the thermophys-

ical properties pertaining to it are included to investigate the effects

of FMC [61]. For reactions R2–R5, they are adopted from [28]. The ki-

netic parameters and thermophysical properties for the above set of

equation are given in Tables 4 and 5 respectively.

2.2.2. Thermophysical properties

Correlations for wood were used in this work due to a lack

of correlations for cellulose. As discussed in Section 1, FMC af-

fects the thermal properties of the material which we modeled

as follows. Fiber saturation point (FSP) of most woods ranges

from 30–40% (dry basis) which is equivalent to 23–29% (wet ba-

sis) [37,62]. Above FSP, all the water in the plant cell lumen ex-

isted as free state. Below FSP, as FMC increased, both the den-

sity and volume increased until FSP is reached; above FSP, only
Table 5

Thermophysical properties pertaining to 5-step reaction model in the solid

Species Molecular weight (g) Density (kg/m3) Thermal

Moisture – 1000 0.596

Cellulose – 420 0.24

Active cellulose – 420 0.24

Char – 73 0.1

Gases and tar 28 – 0.025
ensity increased. For all FMC, Eq. (22) described the relation-

hip between density and FMC [62]. Thermal conductivity and spe-

ific heat capacity were considered moisture dependent only when

MC was below FSP using Eqs. (26) and (27) from [62]. Eqs. (23)

nd (24) are used for the conductivity and heat capacity, respec-

ively, when FMC = 0. The correlation in Eq. 26 given in [62], which

ncludes the moisture content through dependency on FMC has
fuel.

conductivity (W/mK) Specific heat (kJ/kg K) Source

4.2 [61]

2.3 [70],[28]

2.3 [70],[28]

1.1 [70],[28]

1.005 Assumed (Air)



B.L. Yashwanth et al. / Combustion and Flame 163 (2016) 301–316 307

0 0.005 0.01 0.015 0.02 0.025
z (m)

200

400

600

800
T

em
pe

ra
tu

re
 (

°C
)

75s (Current study)
150s (Current study)
300s (Current study)
75s (Di Blasi, 1994)
150s (Di Blasi, 1994)
300s (Di Blasi, 1994)

0 0.005 0.01 0.015 0.02 0.025
z (m)

0

100

200

300

400

M
as

s 
co

nc
en

tr
at

io
n 

(k
g/

m
3 ) 75s (Current study)

150s (Current study)
300s (Current study)
75s (Di Blasi, 1994)
150s (Di Blasi, 1994)
300s (Di Blasi, 1994)

0 0.005 0.01 0.015 0.02 0.025
z (m)

0

0.01

0.02

0.03

0.04

V
el

oc
ity

 (
m

/s
)

75s (Current study)
150s (Current study)
300s (Current study)
75s (Di Blasi, 1994)
150s (Di Blasi, 1994)
300s (Di Blasi, 1994)

a

b

c

Fig. 3. Verification of results of current study using Gpyro for cellulose pyrolysis with

simulations of Blasi [28] along the length of the specimen at different times; (a) tem-

perature, (b) mass concentration of active cellulose and (c) velocity of gas species.
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Fig. 4. Verification of results of current study using Gpyro TGA setup (solid line) with

experimental TGA data [68] (crossmarks).
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Fig. 5. Time history of (a) temperature, and (b) mass fraction of moisture at point A

(see Fig. 2) for three cases with an initial FMC of 5%, 40% and 80%.

c

c

w

t

een proposed for temperature 24 °C. It is noted that the value of

onductivity calculated by setting FMC = 0 in this correlation slightly

iffers from the value obtained through Eq. (23) for 24 °C. These ther-

ophysical property correlations were used for the solid species for

ll the simulations invoking the coupled solver at various FMC cases

5%, 40% and 80%). The properties for the gas species were assumed

rom the available data for air.

cellulose = 1000 Gm

(
1 + Mc

100

)
(kg m−3), (22)

cellulose−d = 0.08124 + 0.003695 T (W m−1 K−1), (23)

cellulose−d = 0.1031 + 0.00386 T (kJ kg
−1

K−1), (24)

= (2.31 × 10−4 T − 1.33 × 10−4 Mc − 0.06191) Mc (25)

cellulose−m = Gm (0.1941 + 0.004064 Mc) + 0.01864
(W m−1 K−1), (26)

cellulose−m = (ccellulose−d + 0.0491 Mc)/(1 + 0.01 Mc) + A

(kJ kg
−1

K−1), (27)

char = 1.39 + 0.00036 T (kJ kg
−1

K−1), (28)

here ρ , Gm, Mc, k, T and c represent density, specific gravity, FMC,

hermal conductivity, temperature and specific heat, respectively.
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Fig. 6. Variation of (a) temperature and (b) mass fraction of moisture along x at y = 0

and z = 0.031 m at time 5 s in the solid phase for three cases with an initial FMC of 5%,

40% and 80%.

Fig. 7. Time history of (a) mass loss rate and (b) normalized mass in the solid phase

for three cases with an initial FMC of 5%, 40% and 80%.

Fig. 8. Time history of (a) heat release rate and (b) burn rate in the gas phase for three

cases with an initial FMC of 5%, 40% and 80%.
Subscripts m and d represent moist and dry conditions. The specific

gravity was based on softwood species [62]. The properties for the

remaining solid species were considered constant.

3. Physical configuration

The radiant heat fluxes associated with crown fires in conifers can

be as high as 200 kW/m2 [63]. The present work focused on the ef-

fect of FMC on ignition of a thin, rectangular piece of cellulose sub-

jected to a radiant flux. A fuel element (0.04 × 0.04 × 0.002 m3, L ×
W × T) of cellulose simulated the leaves studied by Pickett et al. [15]

and Gallacher et al. [16]. The top surface of the solid fuel was located

at z = 0.032 m and y = 0 was the leaf center line. Point A, a loca-

tion in the domain within the fuel at which various quantities were

graphed, was located at (−0.02, 0, 0.031). A schematic of the phys-

ical domain along with the boundary conditions is shown in Fig. 2.

The computational domain used for the gas-phase solver FDS, was a

rectangular cube of size x = 0.18 m, y = 0.18 m and z = 0.32 m. The

grid resolution (x, y, z) in the gas phase was 72 × 72 × 92, respec-

tively. The solid fuel particle was 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 frac-

tions, and condensed phase species were set uniform throughout the

solid. The solid fuel element was simulated by Gpyro3D with a grid

spacing of 0.0008 × 0.0008 × 0.0003 m3 (x, y, z) resulting in 13,824

grid cells. There were 6 grid points along the thickness of the solid

fuel. The fuel element was exposed to a radiant surface on one side

located at x = −0.09 m and all the other sides had open boundary
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Fig. 9. Time history of (a) solid species and (b) gas species in the solid phase for a case

with an initial FMC of 80% at point A.
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Fig. 10. Variation of moisture mass fraction (a) along x at y = 0 and z = 0.031 m and

(b) along y at x = 0.0125 m and z = 0.031 m at various times in the solid phase for a

case with an initial FMC of 80%.
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onditions. The radiating surface was maintained at 1500 K during

he simulation. All the computations were performed using Message

assing Interface (MPI) with 36 processors of Dense Memory Cluster

DMC) located at Alabama Supercomputer Authority. A typical simu-

ation of 30 s required a wall time of 72 h and 64GB of memory.

. Model verification and validation

In order to investigate the adequacy of this resolution, we also

onducted simulations for a case with FMC of 80%, with two other

esolutions, a higher resolution 120 × 120 × 160, and a lower res-

lution 48 × 48 × 64. The sensitivity of the results to the grid size

as studied by comparing the heat release rates (HRR) calculated for

hree resolutions including the original one 72 × 72 × 96. The peak

RR value was found to increase by 10% as the grids were refined.

his dependency of the results on the grid is believed to be inevitable

ue to the LES approach used in this work, which is based on spa-

ial filtering (physical LES) [64]. In all the resolutions, we choose the

rid size δ to be identical to the filter width �, i.e., �/δ = 1. This ra-

io is widely used in LES computations while it is acknowledged that

t leads to less numerical accuracy, compared to the case simulated

ith the same δ but higher �. In other words, for an LES of fixed

omputational cost (fixed δ), the case with a larger value of �/δ will

roduce more numerically accurate results; however, a smaller range

f turbulent motions will be resolved [64].
Another criterion for testing the grid resolution in fire modeling

s based on the ratio D∗/δx, where D∗ is a characteristic length scale

f the fire obtained from the total heat release rate Q̇ and ambient

ensity, specific heat, and temperature and δx is the grid size has been

ound to be a convenient measure to determine the grid size in the

DS model [46]. Based on past numerical experiments, a ratio of 5–

0 “usually produces favorable results at a moderate computational

ost” [65].

∗ =
(

Q̇

ρocpTo
√

g

)2/5

(29)

n the present work, for the grid 72 × 72 × 92, the ratio D∗/δx was

bout 15, which meets the criterion that the resolution that produces
∗/δ > 10 is adequate.

Another criterion to test the resolution is based on a quantity re-

erred as measurement of turbulent resolution (MTR) has been inves-

igated to assess the quality of the grid, 72 × 72 × 92 [46],

TR(x, t) = ksgs

kres + ksgs
(30)

here

res = 1

2
ũũ (31)

sgs = 1

2
(ũ − ˆ̃u)(ũ − ˆ̃u) (32)

ere, ũ is the resolved filtered LES velocity and ˆ̃u is test filtered at a

cale 2�. The time averaged values of MTR were found to lie between
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Fig. 11. Contours of moisture mass fraction in the solid fuel along x at (a) t = 5 s (b)

t = 6.5 s and (c) t =7.75 s on an xy-slice located at z = 0.031 m for a case with an initial

FMC of 80%.
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Fig. 12. Variation of mass fraction of tracked gas species at time (a) 5 s (b) 7.5 s and (c)

11 s along x at y = 0 and z = 0.035 m in the gas phase domain for a case with an initial

FMC of 80%.
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0.25–0.4 indicating that 60–80% of the kinetic energy was being re-

solved in the flow using this resolution.

Prior to simulating the effects of FMC and radiation on pyroly-

sis and ignition in the configuration described in Section 3, we per-

formed verification and validation. Most bench-scale pyrolysis exper-

iments that have been conducted to date are essentially designed to

provide 1D/0D behavior [45]. Therefore the verification exercise in

this work was done for simpler configurations using 1D and 0D setup.

Direct validation data of results through comparison with experi-

ments involving the three-dimensional configuration using radiation

as the heat source was not possible. This is because, based on our

literature survey, there is no facility that has the capability to study

the phenomena in detail. Recent experiments conducted by Pickett
t al. [15] and Gallacher et al. [16] are three-dimensional in nature;

owever, they focused on using convective heating, not radiation. We

ompared our modeling results with the available experimental data

f Pickett et al. [15] and Gallacher et al. [16] with convective heating

nd the results could be found elsewhere [66,67].

In order to verify the extended BS model, we compared results

rom [28] with simulations from Gpyro, a one-dimensional version

f Gpyro3D without the external gas phase. The configuration con-

isted of a one dimensional slab of cellulose with thickness of 0.025 m

xposed to combined radiative and convective heating on one side

nd insulated on the other. The radiative and convective tempera-

ures increased from 450 K to 1100 K using a heating rate of 15 K/s,

ollowing Ref. [28]. Since [28] did not include moisture, reaction R1

as not included for this validation. The thermophysical properties
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Fig. 13. Gas phase contours of (a) temperature (°C), (b) water vapor mass fraction and (c) oxygen mass fraction at t = 5 s on an xz-slice located at y = 0 for a case with an initial

FMC of 80%.
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sed for this exercise is given in Table 5 following [28]. Figure 3(a), (b)

nd (c) illustrates the comparison between temperature, mass con-

entration of active cellulose and gas phase species velocity along

he thickness of the slab at different times. The results of the cur-

ent study are in reasonably good agreement with Blasi’s results [28].

he greatest discrepancy between our model and Blasi’s occurred

n the simulation of gas phase velocity. We attribute the difference

n performance of our model with the original study to unavailable

ata with respect to the molecular weights and specific heats of gas

pecies in Blasi [28] for which the data pertaining to air has been as-

umed. Note the abrupt increase and decrease in the concentration

f active cellulose Fig. 3(b). Active cellulose formed initially as a re-

ult of depolymerization of cellulose; however, due to pyrolysis, it un-

erwent further destruction to char and gas species. The gas phase

pecies velocity, Fig. 3(c), resulted from pressure gradients inside the

pecimen. The difference in magnitude of velocities in Blasi’s and the

resent study was 0.01 m/s.

In Ref. [68], 0.006 g of cellulose was heated at a rate of 40 K min
−1

o generate TGA data. These data provided an opportunity to ver-

fy the BS model as well. A zero-dimensional version of Gypro with
he BS model simulated the TGA data. As seen in Fig. 4, the remain-

ng weight predicted by the model for this setup agreed well with

he experimental data [68]. As above, the R1 reaction was omitted in

he modeling since the original experiment did not consider a moist

pecimen.

. Results and discussions

The classical combustion model for a thermally thin fuel particle

ssumes that all moisture will first evolve from the sample at a tem-

erature near the boiling point of water [4]. Ignition occurs when

combustible mixture of pyrolysis gases is generated and follows

hortly after moisture evaporation is complete [15]. Results from our

imulation of the ignition of a modeled leaf by radiation enabled us

o test this assumption. The time history of temperature and mass

raction of moisture in the simulated fuel were plotted for a fixed

oint in Fig. 5 for FMCs of 5%, 40% and 80%. This point was indi-

ated by A in Fig. 2 and located in the solid phase in proximity to

he heat source. For a higher FMC, the time at which the tempera-

ure rose rapidly was slightly more; the difference in time was less
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Fig. 14. Gas phase contours of (a) temperature (°C), (b) water vapor mass fraction and (c) oxygen mass fraction along x at t = 7.5 s on an xz-slice located at y = 0 for a case with an

initial FMC of 80%.
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than 1 s as seen in Fig. 5(a). This behavior could be attributed to a

higher bulk thermal conductivity as the amount of water in the solid

fuel increased. Also, as can be seen in this figure, ignition occurred

when the temperatures reached 400–500 °C for all the FMC cases.

The decay of mass fraction of moisture can be found in Fig. 5(b). Note

that the moisture mass fraction is equivalent to the moisture con-

tent expressed on a wet mass basis in [37]. Rapid moisture loss oc-

curred first in the driest fuel and last in the fuel with the greatest

water content; however, the time at which all moisture was evap-

orated from the different leaves (cases) differed by 0.8 s. For all

the FMC cases, evaporation occured when the temperatures reached

200–300 °C. In order to analyze the temperature and FMC in the solid

fuel at a region away from the heat source, temperature and mass

fraction distribution of moisture were plotted in Fig. 6 at time 5 s at

which gas phase ignition had occurred for 5% FMC case.

It is seen in Fig. 6(a,b) that temperature rise and evaporation of

moisture were confined to a local region close to the heat source.

The temperature was higher by approximately 700 K for 5% FMC

case at the leading edge of the solid fuel. The 40% and 80% cases dif-

fered in temperature by less than 50 K in this region and differed by
ery little along the majority of the solid fuel. Similarly, the temper-

ture for the FMC of 5% decreased by only 100 K over the majority

f the solid fuel (−0.017 to 0.02 m). We also observed that a signif-

cant amount of moisture remained in the sample at the time of ig-

ition for the 40% and 80% FMC cases. In the area closest to the heat

ource (−0.02 to −0.016 m), the moisture mass fraction was negligi-

le; however, the mass fraction was unchanged in the region between

= −0.012 and 0.02 m, indicating the local evaporation process. In

ontrast, evaporation occurred in the 5% case along the majority of

he fuel length. Also, substantial temperature gradients (250 °C) were

bserved along the thickness of the solid fuel similar to the gradients

eported above. These observations illustrate that the radiative heat-

ng can cause non-uniform three dimensional heat transfer within

he solid fuel. The local evaporation process discussed above is con-

istent with the observation made in the experiments of Pickett et al.

15]. They showed time histories of temperature at two points on the

urface of manzanita species, one located on the perimeter and the

ther at the middle of the leaf, and reported that at the perimeter

oint, evaporation occurred when the temperature was in the range

f 200–300 °C. Furthermore, they observed that ignition occurred at
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Fig. 15. Gas phase contours of (a) temperature (°C), (b) water vapor mass fraction and (c) oxygen mass fraction along x at t = 11 s on an xz-slice located at y = 0 for a case with an

initial FMC of 80%.
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his point after the evaporation process was completed and its tem-

erate reached around 350–400 °C. When the perimeter point ig-

ited, the measured temperature at the middle point was 150 °C.

hey concluded that a significant amount of moisture was present

t the middle when the perimeter point ignited.

The evolution of overall mass loss rate (MLR, rate at which gas

pecies are formed from the solid) and normalized mass (by initial

et mass) is shown in Fig. 7. Water vapor (from evaporation) and fuel

apor (pyrolyzates from active cellulose) comprised the gas species

hat diffused from the solid phase to the external gas phase domain.

he time at which MLR values became positive can be treated as the

nitiation of pyrolysis which occurred at 2.5 s for FMC of 5%, 40% and

0%. Note that the MLR curves for each of these cases exhibited two

verall peaks. The first peak represented water vapor and the second

eak represented fuel vapor. As FMC increased, the first peak value in-

reased due to more water vapor being lost during the drying phase.

he MLR associated with the second peaks did not differ greatly be-

ween three FMC cases and maximum MLR of the second peak ranged

rom 0.09 to 0.12 g s−1. The normalized mass exhibited a similar trend

or all three FMC’s.
c

Oxidation of the gas phase fuel vapors resulted in flaming com-

ustion. Time histories of heat release rate (HRR) and burn rate are

hown in Fig. 8 for FMC of 5%, 40% and 80%. HRR quantifies the

mount of heat generated by stoichiometric combustion of fuel va-

ors with oxygen in the gas phase (see Eq. (9)). Here, HRR is used

s an indicator of gas phase ignition. As could be seen in Fig. 8(a),

MC affected the time at which ignition occurred. Ignition occurred at

= 3.5, 4, and 4.2 s for FMC = 5%, 40%, and 80%, respectively. The sec-

nd ignition point occurred at 5.75, 8, 10 s for FMC of 5%, 40% and 80%,

espectively. Burn rate shows the rate at which the fuel is consumed

y the combustion reaction in the gas phase. As seen in Fig. 8(b), the

urn rate follows the same trend as the HRR displaying two ignition

oints.

Now, a detail discussion is made for the evolution of the case

ith FMC of 80%. The solid fuel degradation model, based on the

-step extended BS mechanism included four solid and four gas phase

pecies (Eqs. R1–R5). Figures 9(a) and 9(b) display the time history

f all solid and gas species, respectively, at point A. The conversion of

olid species into gas species during thermal decomposition occurred

s follows. In case of solid species, the first degradation reaction oc-

urred near 2.5 s and accounted for phase transformation of moisture
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Fig. 16. Time history of global radiation and convection fluxes for a case with FMC of
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to water vapor. Seen in Fig. 9(a) is an increase in the mass fraction

of cellulose, which is because of the removal of the mass of moisture

from the solid phase. Shortly after this, as the temperature of the solid

fuel increased, cellulose converted to active cellulose which then later

broke down to char, fuel vapors, and tar. Char remained as a residual

species in the solid fuel and did not undergo further degradation. It

is noted that water vapor formed in the solid and fuel vapors began

to evolve even before the water vapor diffused out (Fig. 9(b)). The

fuel vapors diffused into the gas phase domain at 5 s which resulted

in ignition due to reaction with oxygen at t = 5 s. The mass fraction

of fuel vapors increased at t = 10 s due to diffusion from the neigh-

boring solid phase cells. Tar cracking consumed oxygen; however, it

eventually diffused back into the solid from the external gas phase

domain.

The spatial variation of moisture mass fraction within the solid

fuel along x and y axes is shown at different time instants in Figs.

10(a) and 10(b) in the solid fuel. In Fig. 10(a) a drying front propa-

gated along the length of the solid fuel over time. Two drying fronts

propagated transversely from the edges of the solid fuel inward, as

seen Fig. 10(b). Evaporation occurred at the edges of the solid fuel at
Fig. 17. (a) Gas phase temperature contours (°C), and (b) velocity vectors at tim
higher rate than in the center. At t = 10 s, local peaks in mass frac-

ion of moisture were observed in regions located closer to the edges

f the solid fuel. This resulted from non-uniform heating that arose

ue to propagation of thermal fronts from the leading edge and the

wo lateral edges of the solid fuel. At the time of ignition, the solid

uel still contained a large amount of moisture, indicating that differ-

nt regions in the domain pyrolyzed/ignited at different instants, as

hown in Fig. 11(a), (b), (c). High moisture gradients at the leading

dge and the two lateral edges indicated a non-uniform evaporation

hase during the ignition of the solid fuel in our simulations. This

bservation is in a general agreement with the observation made by

ickett et al. [15] through the IR measurements.

As described by Byram [39], water vapor in the combustion en-

ironment arises from two sources, water contained in the fuel and

ater produced by the combustion reaction. The simulations tracked

2O in the gas phase by solving a single transport equation. The mass

ractions of H2O, CO2, O2 and fuel vapors immediately above the solid

uel changed along the length of the fuel in x direction. At time 5 s,

ig. 12(a), we observe a reaction zone corresponding to the first ig-

ition point accompanied by products such as water vapor and car-

on dioxide at x = −0.02 with an oxygen deficient region ahead of

he reaction zone at x − 0.0125 m characterized by an oxygen mass

raction of 0.11. At time 7.5 s in Fig. 12(b), we observe an increased

vaporation ahead of the ignition zone shown by the second peak

n mass fraction of water vapor. This resulted in further reduction

f oxygen ahead of the ignition zone. The first peak is due to for-

ation of water due to combustion whereas the second peak is due

o evaporation of moisture in the solid fuel. In Fig. 12(c) at time 11 s

e observe the initiation of another reaction zone corresponding to

econd ignition point accompanied by negligible oxygen mass frac-

ion. This is due to consumption of oxygen by the combustion re-

ction. However ahead of this region x = −0.0075, oxygen has re-

lenished and this aids the flame spread to other regions of the solid

uel.

To investigate the ignition and flame dynamics further, two-

imensional contours of temperature, volume fraction of oxygen and

oisture are plotted on an xz slice located at y = 0 in the gas phase

omain at times 5 s, 7.5 s and 11 s, shown in Figs. 13–15, respectively.

he flaming combustion zone which is represented as the first igni-

ion point in Fig. 13(a) was observed initially at the tip of the solid

uel located close to the heating source. As seen from Fig. 13(b), the

ater vapor is predominant in the ignition zone as well as in the
e 15 s on an xz-slice located at y = 0 for a case with an initial FMC of 80%.
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egion away from it, indicating that evaporation and combustion oc-

ur together. The water vapor present in the ignition zone is a result

f combustion; however, its presence ahead of the ignition zone is

ue to evaporation of moisture from the solid fuel. This released wa-

er vapor ahead of the ignition zone, as displayed in Fig. 13(b), causes

ilution and consequently, depletion of oxygen, as seen in Fig. 13(c).

he ignition zone is reduced at time 7.5 s, as seen in Fig. 14(a), while

high volume fraction of water vapor is observed with oxygen de-

letion ahead of the ignition zone, as seen in Fig. 14(b, c). At a later

ime, when most of the water vapor has evaporated in the gas phase

omain at x = 0 (Fig. 15(b)), a second ignition at the tip of the solid

uel is observed (Fig. 15(a)) and oxygen has replenished ahead of the

gnition zone (Fig. 15(b)). Also, seen in Fig. 15(b) is a high mass frac-

ion of water vapor at the trailing edge, indicating that the vapor re-

eased during evaporation is significantly more than that formed as

combustion product. The flame created by the second ignition later

preads from the leading edge and the lateral edges towards the trail-

ng edge of the solid fuel.

Figure 16 shows the relative importance of the convection and ra-

iation heat transfer in igniting the solid fuel particle. The negative

eat fluxes values observed in case of convection during initial time

ccounts for the heat transfer between the heated wall and the sur-

ounding gas. However, later in time when the solid fuel ignites, it

ndergoes cooling through natural convection which results in in-

reased convective heat flux. The positive radiative heat flux observed

uring the initial time accounts for the radiation energy absorbed by

olid fuel from the external gas phase domain. Later when the solid

uel ignites, it emits radiation back into the gas phase which results

n negative heat flux as seen from the figure. The role of thermal ra-

iation in causing gas phase ignition has also been investigated by

onsidering many cases where in the solid fuel was being exposed to

heated surface maintained at different temperatures. Ignition was

bserved only when the temperature of the heated surface was more

han 1100 K indicating that thermal radiation can ignite the fuel with-

ut the use of a pilot source provided the temperature of the heating

ource is high enough.

Finally, shown in Fig. 17(a,b) are a contour plot for temperature

nd velocity vectors in the gas phase, respectively, at t = 15 s. From

ig. 17(a), it is observed that the flame is turbulent due to the en-

rained flow from the external ambient air and due to the interaction

ith boundary layer developed over the heated wall. Correspond-

ngly, as seen in Fig. 17(b), large scale vortical structures formed as a

esult of straining between the buoyant plume region and the exter-

al air. Furthermore, in the plume region, the plume interaction with

oundary layer formed over the heated wall is evident. The Reynolds

umber (Re) based on the upstream entrainment velocity (0.75 m/s)

nd the dimension of the solid fuel was close to 1500 at time 16 s,

lso suggesting that the flow is turbulent [69].

. Conclusions and future work

The effect of fuel moisture on pyrolysis and combustion of a live

egetation represented as a thin cellulosic fuel element subjected

o radiative heating has been investigated using a comprehensive

olid-gas coupled model, Gpyro-3D/FDS. A thermal degradation re-

ction mechanism used for cellulose breakdown was initially verified

nd validated with previously published simulation and TGA experi-

ents. Fuel moisture content of 5%, 40% and 80% were considered and

tudied in detail. The temperature response and thermal degradation

ate was higher for the case with 5% FMC and ignition occurred prior

o the 40% and 80% FMC case. The simulations also indicated that wa-

er evaporated locally near the point of ignition and remained else-

here indicating that different points in the domain evaporate and

yrolyze at different times. Local peaks in the mass fraction of mois-

ure was observed at a region located close to lateral edges of the

olid fuel indicating a non-uniform evaporation phase during igni-
ion of the fuel. In the gas phase, high volume fraction of water vapor

bserved in the region close to the combustion zone as well as away

rom this region illustrated that evaporation and ignition can occur

ogether. Dilution of oxygen by water vapor ahead of the ignition zone

ndicated that moisture affected both pyrolysis and gas phase com-

ustion. The initial results of this coupled model are promising. We

ill use this model to examine the effects of heat transfer method

convection vs. radiation) on ignition of live fuel particles of vari-

us shapes and moisture content and compare model results with

bserved data.
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