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A B S T R A C T

The ignition of small fuel elements plays a crucial role in fire propagation. These fine fuels are often the first to 
ignite and serve as a bridge for fire spread to larger scenarios. The moisture content of these fuels significantly 
affects their flammability and thermal behaviour. In this study, the effect of fuel moisture content (FMC) and 
orientation on the drying, pyrolysis, ignition, and thermal processes of a cellulose solid fuel is investigated 
through a series of numerical simulations. In addition, experimental ignition-time measurements were conducted 
at the U.S. Forest Service Missoula Fire Sciences Laboratory to provide an independent assessment of model 
performance. The simulations represent a leaf-scale fuel element allowed to heat up and ignite in a hot upwards- 
directed (convective) airflow. The leaf is considered in three different orientations of vertical, horizontal, and 
inclined at a 45◦ angle, and with five different FMC values between 4% and 63%. The simulations are conducted 
with FireFOAM, using Large Eddy Simulation (LES). Simulation results are validated against available experi
mental measurements, using the time evolution of the fuel mass loss. The results indicate the inclined orientation 
has the highest temperature increase among the three orientations, suggesting a critical angle exists for optimal 
convective heat transfer. Furthermore, the inclined orientation exhibited the highest drying and pyrolysis rates. 
This suggests that the angle between the airflow direction and the leaf surface normal critically influences the 
boundary layer development around the leaf.

1. Introduction

Even the largest and most destructive conflagrations often find their 
origin in the ignition and combustion of small, leaf-sized fuel elements. 
These fuels burn, promoting the ignition and further burning of larger 
fuel elements as the fire grows in scale through a variety of complex 
physical and chemical processes [1]. The behaviour and growth of a fire 
are driven by topographic and atmospheric conditions [2–5], fuel- 
structure interactions [6–8], and the effect of fuel moisture content 
(FMC) [9–12].

One significant factor mentioned is fuel moisture content (FMC), a 
crucial parameter in thermal behaviour and combustion dynamics [13]. 
FMC represents the ratio of water mass to the total mass of dry fuel [14]. 
Fuel moisture content (FMC) stands out as a highly dynamic factor 
affecting the flammability of vegetative solid fuels and can exhibit rapid 

changes across time and space. The type and condition of fuel also play a 
pivotal role in the initiation and spread of fire.

The susceptibility of FMC to weather changes, such as variations in 
relative humidity, air temperature, and precipitation, strongly in
fluences the initial moisture level of fuels, which consequently affects 
their ignition and combustion behaviour. [15–17]. Pickett et al. [18] 
presented an experimental investigation of the combustion of moist fo
liage and found that moisture remained within the foliage even after 
ignition, which contradicts the classical combustion mechanism, as it 
applies to dry fuels, for example. Yashwanth et al. [19] performed a 
numerical investigation on the effect of FMC on pyrolysis and thermal 
responses of moist fuels with moisture contents varying from 30% to 
200%. In their study, thin cellulosic fuels exposed to a radiant heat 
source demonstrated that fuels with lower moisture content ignited 
earlier and produced higher solid and gas phase temperatures. In 
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another investigation, Moinuddin et al. [11] studied the effect of relative 
humidity and fuel moisture content on fire propagation. Their findings 
demonstrated that fuels with lower moisture content burned with higher 
intensity and rate of spread. In the work of Morvan [9], it was shown 
that higher fuel moisture content can significantly reduce fire spread due 
to a combination of evaporative heat demands and the effect of evapo
rated water on the local concentration of oxygen, which can extinguish 
fires in high-moisture scenarios.

Recent studies have also utilized numerical modelling and advanced 
simulation tools to explore the complex interactions in the pyrolysis and 
combustion of solid fuels under varied conditions. Liu et al. [20] con
ducted a numerical investigation on the pyrolysis of moist wood using 
FireFOAM. The authors reported, similar to the real scenario, by 
increasing the thickness of wood, the time to heating the entire wood 
sample increases, and results in increasing the evaporation time for the 
moisture. The ignition, combustion, and burning process were neglected 
in their work. Borujerdi et al. [21] carried out a numerical investigation 
into the thermal processes and combustion behaviour of fine fuels 
exposed to a convective heat source, considering various levels of fuel 
moisture content. In their work, combustion and pyrolysis of a solid fuel 
of manzanita were numerically investigated. Their outcomes showed 
that an increase in fuel moisture content results in a delay in the ignition 
time. Also, a significant amount of moisture remained in the leaf after 
the ignition.

An investigation of vertically positioned leaves exposed to a 
convective heater with a setup similar to [22] was carried out by Prince 
[23]. In their work, four different fuel moisture content values of 4% 
(dry dead), 26% (rehydrated dead), 34% (dehydrated live), and 63% 
(fresh live) were investigated. The observations illustrated that the 
edges of solid fuel ignited earlier than the other locations of the leaves. It 
was also found that dead leaves released mass sooner than leaves with 
higher fuel moisture contents. Engstrom et al. [24] investigated the 
combustion behaviour of small samples of leaf-scale solid fuels. The 
results showed that the ignition temperature did not vary significantly 
with changes in size and shape for each type of sample. However, the 
ignition time was notably influenced by the size, shape, and orientation 
of the sample, indicating that these physical characteristics play a 
crucial role in how quickly materials ignite [25].

The combustion characteristics and thermal responses of wood, 
particularly in relation to its fuel moisture content, are critical for un
derstanding and predicting fire behaviour. Fuel moisture content effects 
on the ignition and thermal decomposition of wood were experimentally 
and numerically investigated by Gong et al. [26]. They reported an 
ignition temperature of 395 ◦C, which was used as the ignition criterion. 
Their results indicated that by decreasing the heat flux and increasing 
the fuel moisture content, the ignition time increased for fuel moisture 
content lower than 25%.

The orientation of small fuel elements, such as leaves, relative to a 
heat source critically influences their combustion behaviour, affecting 
how quickly and effectively they ignite and burn. In the work of Eng
strom et al. [24], the effect of leaf orientation on combustion behaviour 
was explored. The results showed that when leaves were oriented 
vertically, they ignited at the edge closest to the flame and the fire 
propagated to the top edge of the leaf, regardless of other shape differ
ences. Conversely, leaves held horizontally exhibited a more uniform 
ignition around their perimeter. This research highlights how the 
orientation of leaves relative to a heat source directly influences the 
dynamics of ignition and subsequent combustion patterns. Such findings 
provide insights into the way fires propagate and behave, potentially 
aiding in the development of more accurate predictive models for fire 
spread and combustion processes.

The reviewed investigations help to shed light on our understanding 
of the influence of fuel moisture content on ignition and pyrolysis pro
cesses. Combined influence and potential interaction of FMC and spatial 
configuration have not yet been examined. This oversight highlights a 
significant gap in our fundamental understanding of how these factors 

affect the burning properties of single fine fuel. Additionally, this study 
reveals the critical role of an optimum angle for pyrolysis efficiency and 
flame formation when exposed to a convective heat source, exploring 
how orientation and moisture content interact to affect combustion 
dynamics.

The aim of this research is to investigate the effect of spatial 
configuration, and different amounts of FMC, on the drying process, rate 
of pyrolysis, ignition, and burning of a solid fuel exposed to a convective 
heat source, at five different fuel moisture content levels of 4, 10, 26, 34, 
and 63%, and three different orientations of horizontal, inclined (45◦

angle), and vertical. The selected FMC values represent a wide range of 
moisture conditions observed in vegetative solid fuels, covering four 
distinct categories: dry dead (4%), rehydrated dead (26%), dehydrated 
live (34%), and fresh live (63%) [23,27]. The three leaf orientations 
(horizontal, inclined, and vertical) are chosen to provide a systematic 
approach for analysing the influence of alignment on convective heat 
transfer and ignition behaviour. A set of experimental ignition-time 
measurements was conducted at the U.S. Forest Service Missoula Fire 
Sciences Laboratory, to provide a validation data for the simulated re
sults. While leaf positioning in natural conditions is more complex, these 
orientations allow for a fundamental investigation into the key physical 
mechanisms governing heat transfer and combustion, providing insights 
that can be extended to more intricate fire spread conditions.

2. Physical model

This research examines a cellulose leaf [10] as a solid fuel, with 
different levels of fuel moisture content, namely 4%, 10%, 26%, 34%, 
and 63%. Although leaves in natural scenarios contain hemicellulose 
and lignin, the simplified model enables a focused investigation of the 
existence of an orientation threshold and assessment of the effect of the 
contact surface on pyrolysis and flame formation. The leaf is subjected to 
convective heating, in three different orientations: horizonal, vertical, 
and inclined at a 45◦ angle. The convective heat source produces hot 
gases at a constant velocity. Fig. 1 illustrates the computational domain 
with dimensions of 0.18 m (x) × 0.25 m (y) × 0.32 m (z). A solid fuel leaf 
is positioned at the centre of the computational domain, elevated 0.04 m 
above the lower surface. The leaf has dimensions of 23.7 mm × 0.51 mm 
× 23.7 mm.

A structured mesh is employed, featuring a region of high resolution 
near the leaf and in proximity to the convective heat source. The 
convective heat source introduces a mixture with 10 mol% O2 at a 
temperature of 1273 K and a velocity of 0.6 m/s, mirroring the experi
mental conditions outlined by [23].

The model presented in this study incorporates a set of reactions and 
corresponding kinetic parameters, which are detailed in Table 1.

The rate of reaction is determined using the Arrhenius equation: 

k = Ae
− Ea
RT (1) 

In this expression, k represents the reaction rate, A shows the pre- 
exponential factor, Ea denotes activation energy, R stands for univer
sal gas constant, T indicates temperature, and ΔHr represents the 
enthalpy of the reaction.

This study focuses on conducting a comparative investigation among 
different orientations, and studies heat-transfer coupling, desiccation, 
and early-stage ignition processes, rather than long-term char burnout. 
Accordingly, the solid-phase reactions in the model are moisture evap
oration and cellulose pyrolysis, and char oxidation is not considered. 
[20,21,29,30].

While there is some indication that moisture can indeed influence the 
gas-phase combustion chemistry [31], these effects have not been fully 
elucidated and are therefore not included in this work.

To model the chemical combustion reaction of pyrolysis gases, a 
single-step reaction involving air and methane is employed and pre
sented in Eq. (2). This is due to the fact that the main pyrolysis gas of 
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vegetative fuels is CH4 [10,21]. Methane has been used as a surrogate 
fuel for wildland fire modelling in the work of Dahale et al. [32]. 
Similarly, in this study we also employ methane as a surrogate to 
simplify the modelling process. 

CH4 +2O2→CO2 + 2H2O (2) 

3. Mathematical and reaction models

In this present investigation, the resolution of the governing equa
tions is achieved by the utilization of FireFOAM, an open-source solver 
of the OpenFOAM [33] framework. FireFOAM is a useful and effective 
platform for simulating the dynamic behaviour of fires and pyrolysis 
reactions, as indicated by Le et al. [34]. Additionally, FireFOAM is ad
vantageous due to its incorporation of various Computational Fluid 
Dynamics (CFD) sub-models, enabling the simulation of diverse fire 
dynamic issues, including radiant and convective heating effects, py
rolysis, and turbulent and laminar combustion.

In the present study, prior to ignition, the Reynolds number indicates 
a laminar flow regime. However, after ignition, combustion causes a 
significant increase in local temperature and pressure, generating 
localized vorticity and flow instabilities and disturbances in the region 
above the burning leaf. These effects lead to the formation of localized 
turbulence, which influences the convective heat transfer and combus
tion dynamics. To accurately capture these effects, the Large Eddy 
Simulation (LES) [35] model is employed. While LES is generally 
applied to fully turbulent flows, its use here allows for the resolution of 
turbulent structures generated post-ignition, which would not be 
effectively captured using purely laminar flow models. Furthermore, the 
wall-adapting local eddy (WALE)-viscosity approach [36] is utilized 
specifically for large-eddy simulation (LES) in turbulent boundary layers 
during transitional flow. This method is chosen for its ability to accu
rately represent the asymptotic decay of eddy viscosity near a solid wall 
in the turbulent boundary layer [37].

In this study, the Finite Volume Discrete Ordinates Method (fvDOM) 
[38,39] is utilized to model thermal radiation. This method discretises 
the radiation field into multiple solid angles and calculates the radiation 
intensity along these directions. The total irradiation is then obtained by 
integrating the intensity over all solid angles [40]. While convective 
heat transfer is the dominant mode of energy transfer [41], the appli
cation of fvDOM ensures an accurate representation of radiative heat 
exchange within the computational domain.

For the combustion modelling of methane involving a single-step 
reaction, the infinitely fast chemistry combustion model [21,42] is 
implemented which assumes that gas-phase combustion occurs instan
taneously once pyrolysis gases and sufficient energy are available. The 

ignition process is driven by heat transfer to the leaf, which is influenced 
by both fuel moisture content (FMC) and orientation. As heat is trans
ferred from the convective heat source to the leaf, a portion of the energy 
is absorbed for moisture evaporation, regulating the temperature in
crease of the solid fuel. Once the temperature reaches the pyrolysis 
threshold, cellulose decomposition initiates, leading to the release of 
pyrolysis gases. The amount of emitted pyrolysis gases and the available 
energy determine the onset of gas-phase combustion. Since the inter
action between heat transfer, pyrolysis, and gas-phase combustion is 
fully captured in this study, the infinitely fast chemistry approach pro
vides an efficient and reliable framework for comparing the burning 
behaviour of leaf-scale fuel elements under different FMC conditions and 
orientations. This assumption was adopted to focus the analysis on the 
coupled heat transfer and flow dynamics that govern ignition and early 
flame formation, rather than the detailed gas-phase reaction kinetics. 
The infinitely fast chemistry model provides a computationally efficient 
means of capturing the onset of combustion and the associated thermal 
response to the solid phase. It neglects intermediate species formation, 
pollutant emission, and finite-rate reaction effects, which beyond of the 
scopes of the current work. The research primarily aims to reveal the 
influence of orientation and fuel moisture content on the heat transfer 
mechanisms and ignition behaviour, rather than to resolve the detailed 
emission characteristics. Nevertheless, future extensions of this work 
could incorporate finite-rate or multi-step chemical kinetics to further 
evaluate the effects of detailed chemistry on gas-phase combustion.

In the current investigation, the solid matrix volume is assumed 
constant to focus on the effects of FMC and orientation on initial stage of 
fire development. While real leaves undergo structural changes, the 
early stage is primarily governed by heat transfer, drying, and pyrolysis, 
which is accurately captured. This assumption also enhances computa
tional efficiency, ensuring a focused and effective analysis.

The kinetic parameters, such as activation energy and pre- 
exponential factors, were selected from established literature 
[28,29,43] to ensure a balance between computational efficiency and 
accuracy. Moisture normalisation in the equations allows consistent 
treatment of varying fuel moisture levels, facilitating meaningful com
parisons. The governing equations for the pyrolysis and vaporisation are 
as follows [26,29,44–46]: 

∂(ρsYcellulose)

∂t
= ω̇cellulose (3) 

∂(ρsYmoisture)

∂t
= ω̇moisture (4) 

ω̇wood =

[
ρsYcellulose

(ρsYcellulose)0

]n

(ρsYcellulose)0Acelluloseexp
(

−
Ea,cellulose

RT

)

(5) 

ω̇moisture =

[
ρsYmoisture

(ρsYmoisture)0

]n

(ρsYmoisture)0Amoistureexp
(

−
Ea,moisture

RT

)

(6) 

where and Ea and A stand for the activation energy and pre-exponential 
factor, respectively. Y represents the mass fraction of cellulose and 
moisture species, ω̇ denotes the mass consumption rate, and T and ρs 
refer to the temperature and averaged density of the species. The symbol 
n represents the reaction order, R is the universal gas constant, and the 
subscript 0 indicates the initial condition of the problem.

The governing equations in the fluid region are outlined below 

Fig. 1. Schematic of the computational domain for the three cases with horizontal, inclined, and vertical orientations.

Table 1 
Pyrolysis and moisture evaporation reactions used in the present study with 
their corresponding kinetic parameters [28].

Reaction A (s− 1) Ea (J mol 
− 1)

Reaction 
order

ΔHr (J 
g− 1)

Moisture → Vapor 5.13 ×
1010 8.8 × 104 1 − 2.44 ×

103

Cellulose→ Char +
Pyrolysate

7.83 ×
1010

1.27 ×
105 4.86

− 1.41 ×
103
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[43,47,48]: 

∂ρ
∂t

+

∂
(

ρũi

)

∂xi
= 0 (7) 

∂
(

ρũi

)

∂t
+

∂
(

ρũiũj

)

∂xi
=

∂
∂xj

⎡

⎢
⎢
⎣ρ(υ+ υt)

⎛

⎜
⎜
⎝

∂
(

ũi

)

∂xj
+

∂
(

ũj

)

∂xi
−

2
3

∂
(

ũk

)

∂xk
δij

⎞

⎟
⎟
⎠

⎤

⎥
⎥
⎦

−
∂(P)
∂xi

+ ρ gi

(8) 

∂
(

ρh̃
)

∂t
+

∂
(

ρũjh̃
)

∂xj
=

DP
Dt

+
∂

∂xj

[

ρ
(

αt +
υt

Prt

)(
∂h̃
∂xj

)]

+ q̇ʹ́ʹ
− ∇.q̇r

ʹ́ (9) 

∂
(

ρỸm

)

∂t
+

∂
(

ρũjỸm

)

∂xj
=

∂
∂xj

⎡

⎣ρ
(

Dc +
υt

Sct

) ∂
(

Ỹm

)

∂xj

⎤

⎦+ωm (10) 

P = ρRT̃ (11) 

here, h denotes the total enthalpy, symbols “~” and “‾” represent Favre 
filtering and spatial averaging, respectively. Ym stands for the mass 
fraction of species m, g represents gravitational acceleration, and P is the 
static pressure, Dc,Prt, δ, υt, ρ,Prt, υ, αt,R, Sct, and ωm are correspond to 
the laminar diffusion coefficient, turbulent Prandtl number, Kronecker 
delta, turbulent viscosity, density, turbulent Prandtl number, laminar 
viscosity, thermal diffusion coefficient, gas constant, turbulent Schmidt 
number, and production/sink rate of species m due to gas reaction, 
respectively. The computational domain is discretised using a structured 
grid, with a region of high-resolution refinement near the leaf surface to 
accurately capture convective heat transfer effects. The simulations 
employ a wall-resolved approach, ensuring that boundary layer effects 
are directly resolved without reliance on wall functions. The grid reso
lution was chosen to maintain sufficiently low y + values, allowing for 
accurate treatment of near-wall velocity gradients and convective heat 
transfer.

4. Results

For different leaf orientations (horizontal, inclined, and vertical), the 
mesh configuration was adapted to ensure proper alignment with the 
airflow direction while preserving the refined resolution near the leaf 
surface. This adaptation was necessary to maintain consistency in 
boundary layer resolution and to account for variations in the interac
tion between the leaf and the convective heat source. A grid indepen
dence study was conducted to confirm that the chosen spatial resolution 
provides numerical accuracy without grid-dependent effects. The 
computational domain was discretised into three different grid sizes of 
324,000, 554,000, and 736,000 cells. Subsequently, the results obtained 
from each simulation were compared [49]. Increasing the mesh from 
324,000 to 554,000 led to a noticeable change in the normalised mass of 
the solid fuel, while the difference between 554,000 and 736,000 was 
minimal. As a result, the mesh with 554,000 cells was chosen for the 
remaining simulations as a compromise between accuracy and compu
tational cost. The outcomes from each simulation were then compared 
and are illustrated in Fig. 2.

In order to validate the simulations, Fig. 3 displays the time history 
diagram of the normalised mass of the leaf, considering a fuel moisture 
content of 4, 26, 34, and 63%. The figure presents the computational 
outcomes from the current investigation alongside the experimental 
data obtained by [23]. The figure illustrates a satisfactory agreement 
between the numerical simulations and the experimental findings. The 

discrepancy observed between the simulated data and experimental 
measurements is attributed, in part, to the solid fuel employed in this 
study. The present simulations are based on cellulose, which was 
selected to isolate the fundamental mechanisms of drying and pyrolysis 
under convective heating. However, in the experiment conditions, the 
vegetative fuel contain cellulose, hemicellulose, and lignin and small 
fractions of proteins and lipids [50].

To have another validation of the simulation results, a series of auto- 
ignition experiments was conducted at the Missoula Fire Sciences Lab
oratory (U.S. Forest Service). The experiments employed an apparatus 
consisting of a 16 cm-diameter vertical outlet connected with two 6.5 
kW electrical air heaters (Fig. 4). The heaters raised the airflow tem
perature to 1048.15 K, sufficient to achieve auto-ignition of moist 
cellulosic fuel samples positioned in the outlet stream. A ceramic 
manifold merged the two heater flows and directed them through a 90◦

bend to achieve the vertical discharge. A series of screens then evened 
out the flow profile. The airstream was dried with a desiccant and its 
flow rate precisely regulated using dual Omega FMA-2612 A mass-flow 
controllers. Temperature control was achieved with K-type thermo
couple placed immediately at the outlet of the airtorches to monitor the 
hot stream.

Solid fuels are square-shaped cellulosic leaves (25.4 × 25.4 × 1.5 
mm) prepared at two fuel moisture contents: 3.9% and 10.3%. The low- 
moisture condition (3.9%) was obtained by oven-drying at 70 ◦C, while 
the higher moisture condition (10.3%) was achieved using a condi
tioning chamber held at 18 ◦C and 40% relative humidity (RH). During 
the tests, the outlet stream was maintained at 1048.15 K with a total 
flow of 562.6 L min− 1, corresponding to a velocity of 1.67 m/s at the test 
temperature. Each orientation case was repeated three times for both 
FMC levels to minimise experimental error.

To minimise moisture exchange with ambient laboratory air between 
conditioning and testing, only two to three samples were removed at a 
time and immediately sealed in a zip-lock bag. All tests were completed 
within approximately 2–3 min of removal, and the samples remained 
sealed until moments before ignition; no pre-exposure to the hot stream 
was applied prior to insertion. So, the sealed storage and short transfer 
interval were used specifically to minimise any FMC change prior to 
ignition.

A sliding mechanism equipped with steel clips was used to secure the 
fuel samples and move them directly into the hot airflow at the outlet of 
the manifold. Ignition was detected using a dual-camera system: a high- 
definition visible camera recording at 60 frames s− 1 and a FLIR SC6811 
infrared camera (calibrated to 1500 ◦C) with a detection range of 
3.0–5.0 μm. The infrared system provided thermal imaging to capture 
precise ignition timing, while visual observations were used to confirm 
flame appearance (Fig. 5). Ignition time was defined as the first 
appearance of a sustained visible flame, identified from high-definition 
video recordings. The measured ignition times are presented in Fig. 6

Fig. 2. Effect of mesh resolution on normalised fuel mass.
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and compared with the numerical simulations.
Fig. 6 compares ignition times from experimental measurements and 

numerical simulations at two FMC levels (3.9% and 10.3%) across three 
orientations. In both cases, the inclined orientation exhibits the shortest 
ignition time, which is attributed to the asymmetric flow field around 
the leaf, and the intensified interaction on the windward side of the leaf 
that enhances convective heat transfer and accelerates the thermal 
response. This mechanism will be examined in detail further in Fig. 7
through analysis of the streamline pattern. However, horizontal and 
vertical orientations show longer ignition times, with the differences 
more evident at higher FMC due to the additional energy required for 
moisture evaporation. The simulations capture the general trends of the 
experiments, and show a good agreement with the experimental data, 
demonstrating that the model reproduces the combined effects of 

orientation and FMC on ignition behaviour and thermal responses. Both 
experimental and numerical results reveal the existence of a threshold 
angle between the airflow and the leaf, beyond which convective heat 
transfer is maximised. This is due to the inclined leaf's optimal exposure 
to the hot airflow, considering both factors of velocity and direction of 
the flow.

Fig. 7 illustrates the vector and streamline patterns and velocity 
distribution around the leaf for three different orientations: horizontal, 
inclined, and vertical. The figure highlights the flow behaviour and 
boundary layer development near the leaf surface, showcasing the 
impact of orientation on the convective heat transfer mechanism.

In the horizontal orientation, a stagnation point forms directly above 
the leaf's centre, resulting in a symmetric flow pattern with reduced 
velocity near the surface. This stagnation zone limits convective heat 
transfer in the central region while enhancing it toward the leaf's edges, 
as evidenced by the increased streamline density and higher velocities at 
the corners. The flow separation at the edges leads to divergent flow 
paths, which contribute to lower overall heat flux at the central region.

In the inclined orientation, the streamline pattern indicates an 
asymmetrical flow, with higher velocities observed along the windward 
side of the leaf. This orientation minimizes stagnation effects and pro
motes stronger convective heat transfer across the leaf surface due to the 
enhanced airflow interaction. The inclined orientation also induces a 
recirculation region downstream of the leaf, which affects the distribu
tion of pyrolysis gases and the overall combustion dynamics.

In the vertical orientation, the flow remains aligned with the leaf's 
surface, resulting in the formation of a thinner velocity boundary layer 
near the lower edge. The streamline density increases near the lower 
part of the leaf, indicating higher convective heat transfer in this region. 
However, the flow interaction weakens as it moves upward along the 
leaf, leading to reduced convective heat transfer at the upper edge.

Overall, the streamline analysis confirms the significant influence of 
leaf orientation on the velocity distribution and convective heat transfer 

Fig. 3. Graph depicting the temporal evolution of the normalised mass of the leaf in the current study, contrasted with the experimental data from [23], for the 
scenario with a fuel moisture content of 4, 26, 34, and 63%.

Fig. 4. Schematic of the experimental setup.
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mechanisms. The inclined orientation exhibits the most favourable 
conditions for convective heat transfer, while the horizontal and vertical 
orientations demonstrate reduced heat transfer efficiency due to stag
nation and limited airflow interaction, respectively.

Fig. 8 highlights the heat input rate (HIR) dynamics for the three leaf 
orientations, horizontal, inclined, and vertical, providing insights into 
their influence on heat transfer mechanisms and combustion efficiency.

The inclined orientation consistently exhibits the highest peak HIR 
and the fastest rise to the peak across all cases. This is attributed to the 

optimal angle of attack, which enhances convective heat transfer by 
maximizing airflow interaction with the leaf surface. The inclined po
sition also reduces stagnation effects, ensuring uniform heat distribution 
across the leaf and efficient energy transfer.

The horizontal orientation, in contrast, demonstrates the lowest peak 
HIR and a delayed ignition response. The stagnation zone beneath the 
leaf, where airflow velocity is minimal, significantly reduces convective 
heat transfer efficiency. This orientation also exhibits uneven heat dis
tribution, with higher heat flux concentrated at the edges of the leaf, 

Fig. 5. Experimental measurement of ignition of inclined cellulosic leaf in 1048 K, captured by HD and IR camera.

Fig. 6. Ignition time for three fuel orientations (horizontal, vertical, and inclined) at two FMC levels (3.9% and 10.3%), comparing experimental measurements with 
numerical simulations.
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resulting in slower and less uniform combustion.
The vertical orientation exhibits intermediate behaviour, with peak 

HIR values lower than the inclined orientation but higher than the 
horizontal case. The vertical position allows for better airflow along the 
leaf's surface compared to the horizontal orientation. However, the 
alignment of the leaf surface parallel to the airflow leads to reduced heat 
transfer efficiency at the upper part of the leaf, as the convective heat 
transfer decreases in this region.

Looking at Fig. 8 in more detail, as the fuel moisture content (FMC) 
increases, the peak heat input rate (HIR) tends to increase across all 
orientations. This behaviour can be attributed to the additional energy 
required to evaporate the higher moisture content before combustion. 
While higher FMC levels delay the ignition process and prolong the 
drying phase, the energy supplied during this extended phase results in a 
more pronounced peak HIR once combustion is fully established. This 
trend underscores the complex interplay between moisture evaporation, 
ignition dynamics, and heat transfer efficiency.

Overall, the inclined orientation consistently outperforms the other 
orientations in terms of heat transfer efficiency and ignition dynamics, 
making it the most favourable configuration for convective heating. The 
horizontal and vertical orientations, while less effective, provide useful 
insights into the role of stagnation zones and flow alignment in influ
encing heat transfer rates.

Temperature distribution in the leaf at t = 3.5 s, for different cases 
with FMC = 4, 10, 26, 34, 63% and three different orientations is shown 
in Fig. 9. As can be seen, in each orientation, by increasing the amount of 

fuel moisture content, the temperature of the leaf decreases. This is due 
to the heat absorbed in vaporizing the moisture content of the leaf. The 
leaf with a horizontal orientation exhibited the lowest temperature, 
primarily warming up from its corners. This is attributed to the presence 
of a stagnation point under the leaf centre, resulting in lower convective 
heat transfer. The vertically oriented leaf exhibited higher temperatures 
at its lower part due to greater exposure to the hot airflow, while its 
upper part remained cooler. The inclined orientation exhibited the 
highest temperature increase among the three orientations, suggesting a 
critical angle for optimal convective heat transfer due to the combined 
effects of airflow velocity and direction.

The area-weighted temperature at t = 3.5 s, and the cases with FMC 
4% for the vertical, inclined, and horizontal orientations are 561 K, 603 
K, and 545 K, respectively. The same parameter, for the cases with fuel 
moisture content of 34% at the time of 3.5 s, for vertical, inclined, and 
horizontal leaf are 451, 520 K, and 418 K, respectively.

Graphs depicting the temporal evolution of the heat release rate are 
shown for various scenarios, featuring FMC values of 4, 10, 26, 34, and 
63%, along with three different orientations are shown in Fig. 10. Quite 
evidently, in all the scenarios, the case with inclined orientation starts 
releasing heat earlier than the other orientations and also its maximum 
HRR is higher than others. Consequently, the HRR in the inclined case 
finishes earlier than the other orientations, as the cellulose has been 
consumed at a higher rate. Additionally, by increasing the FMC, the 
maximum amount of HRR decreases. The time at which the maximum 
Heat Release Rate (HRR) occurs varies with increasing Fuel Moisture 

Fig. 7. Vector and streamline patterns and velocity distribution, for the three different orientations, prior to ignition.
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Content (FMC). Table 2 provides the maximum HRR values and the 
corresponding times for each case.

Fig. 11 shows the contours of temperature at the fluid domain around 
the leaf at t = 3.5 s, for different cases with FMC = 4, 10, 26, 34, 63% and 
three different orientations. As can be seen, after 3.5 s of heating, the 
cases with lower fuel moisture have more progress in the burning pro
cess. Since the flame is still in the transient state and has not reached a 
steady state, cases with higher Fuel Moisture Contents (FMCs) exhibit 
lower flame heights. This is attributed to the delay in ignition caused by 
the moisture. For instance, at that moment, t = 3.5 s, the case with 
horizontal orientation and 63% FMC has not ignited yet. Looking at 
Fig. 11 in more detail, especially the case with FMC 34% and horizonal 
orientation, the case with inclined and vertical orientations and FMC 
63%, the ignition location can also be seen. For the horizontal cases, the 
ignition happens at the corners of the leaf above it. Moreover, for the 
case with vertical orientation, it happens at the vicinity of lower part of 
the leaf.

The distribution of pyrolysis gas mass fraction around the leaf at a 
time of 3.5 s is examined for various scenarios, considering different 

levels of FMC at 4%, 10%, 26%, 34%, and 63%, and across three 
different orientations is graphically represented in Fig. 12. Leaves with 
lower FMC showed greater advancement in combustion, emitting more 
pyrolysis gas, which is consistent with the observed temperature dis
tributions. Higher FMC levels resulted in lower pyrolysis gas emissions, 
indicating slower combustion progress.

Normalised mass diagrams are studied to eliminate the influence of 
variations in the initial mass of the fuel, ensuring consistent and 
meaningful comparisons across different cases. This approach allows the 
focus to remain on the impact of key parameters, such as orientation and 
contact surface, on pyrolysis dynamics and flame formation, without 
interference from differences in sample size or initial conditions. Fig. 13
thus depicts the progression of normalised mass of dry fuel over time for 
various scenarios, encompassing different levels of FMC at 4%, 10%, 
26%, 34%, and 63%, along with three distinct orientations. The highest 
rate of the cellulose consumption is for the cases with inclined orien
tation due to the highest convection heat transfer.

Looking at Fig. 13 in more detail, interestingly, it can be seen that at 
later times, the horizontal configuration “outburns” the vertical one. 

Fig. 8. Time series of the heat input rate for different cases with FMC = 4, 10, 26, 34, 63% and three different orientations.
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Fig. 9. Temperature distribution in the leaf at t = 3.5 s, for different cases with FMC = 4, 10, 26, 34, 63% and three different orientations.
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This behaviour arises from differences in the effect of different heat- 
transfer mechanisms acting on each orientation. The cumulative effect 
of sustained convective exposure at vertical fuel compared to enhanced 
radiative heat transfer received by the horizontal fuel after ignition. In 
the vertical case, the projected area of the fuel is smaller, then the flame 
heats faster, and the ignition occurs earlier. In contrast, the horizontal 
fuel, although igniting slightly later, experiences a larger radiative view 
factor and retains the flame in closer proximity during the later stages of 
burning. This prolonged exposure to hot gases and radiation accelerates 
mass loss, causing the horizontal leaf to outburn the vertical at later 
times.

Moisture normalisation is considered to ensure consistent compari
sons across cases with different initial moisture levels. This approach 
eliminates the influence of varying starting conditions, allowing the 
study to focus on the effects of orientation and contact surface on py
rolysis efficiency and flame formation. The drying process for the leaf 
with three different orientations of horizontal, inclined, and vertical and 
various fuel moisture content levels is indicated in Fig. 14. The highest 
drying rate is for the case with FMC 4% and inclined orientation. The 

Fig. 10. Time history diagram of the heat release rate for different cases with FMC = 4, 10, 26, 34, 63% and three different orientations.

Table 2 
Maximum HRR values and their corresponding occurrence times for various 
FMC levels and three different orientations.

FMC Orientation Maximum HRR (kW) Occurrence time (s)

4%
Vertical 2.23 5.43
Inclined 2.89 3.7
Horizontal 2.36 4.36

10%
Vertical 2.08 6.3
Inclined 2.67 4.8
Horizontal 2.12 6.2

26%
Vertical 2.11 6.8
Inclined 2.58 5.6
Horizontal 1.96 7.4

34%
Vertical 1.75 6.83
Inclined 2.4 4.9
Horizontal 1.7 7.5

63%
Vertical 1.51 9.6
Inclined 2.3 6.3
Horizontal 1.84 9.44
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Fig. 11. Temperature distribution around the leaf at t = 3.5 s, for different cases with FMC = 4, 10, 26, 34, 63% and three different orientations.
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Fig. 12. Pyrolysis gas mass fraction distribution around the leaf at t = 3.5 s, for different cases with FMC = 4, 10, 26, 34, 63% and three different orientations.
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case with horizonal orientation and FMC of 63% remained wet until 7.2 
s.

In this study, the “burnout time” is defined as the duration between 
the onset of gas-phase combustion and the point at which the combus
tion process ceases. Furthermore, the term “dryout time” is defined as 
the period from the initiation of leaf heating until the point at which the 
moisture level reaches zero. Ignition time is defined using a temperature 
threshold, whereby the onset of sustained gas-phase combustion was 
assumed when the local gas temperature exceeded 1300 K and remained 
above this level for a sustained period. Similar temperature thresholds 
have been widely adopted in CFD studies to delineate flame regions and 
combustion zones [51–53].

The diagrams depicting ignition time, burnout time, and dryout time 
in relation to fuel moisture content across three distinct orientations are 
shown in Fig. 15. As can be seen, by increasing the FMC, the ignition and 
dryout time increases almost linearly. Nevertheless, the impact on 
burnout time, particularly beyond a moisture content of 26%, is rela
tively mild when increasing the moisture content. Hence, for the vertical 
cases, increasing the FMC from 4% to 63% results in a 105% increase in 

ignition time, a 13% increase in burnout time, and a 143% increase in 
dryout time. For the inclined case, the ignition time increases by 107% 
with the same FMC increase. Burnout time for the inclined case rises by 
6%, while dryout time increases by 175%. In the horizontal leaf orien
tation, increasing FMC from 4% to 34% leads to a 114% increase in 
ignition time, an 8% increase in burnout time, and a 134% increase in 
dryout time.

5. Discussion

The results of this study highlight the critical influence of fuel 
moisture content and orientation on the drying, pyrolysis, ignition, and 
combustion processes of leaf-scale fuel elements. The results indicate 
that there is minimal if any interaction between FMC and orientation, 
both have an effect on burning characteristics, but they act 
independently.

As shown in Fig. 9, for each orientation, an increase in fuel moisture 
content leads to a decrease in the leaf temperature. The heat transferred 
by the hot flow helps to vaporize the moisture within the leaf. Therefore, 

Fig. 13. Time evolution diagram of the dry fuel normalised mass for different cases with FMC = 4, 10, 26, 34, 63% and three different orientations.
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higher FMC results in a lower temperature of the leaf. On the other hand, 
by changing the orientation of the leaf with the same FMC, the tem
perature distribution over the leaf changes. The leaf with horizontal 
orientation has the lowest overall temperature and starts warming up 
from its corners. This is due to the presence of a stagnation point under 
the leaf at the centre, producing a point with near zero air velocity that 
results in lower convective heat transfer. The case with vertical orien
tation has the second highest overall temperature. Its lower part has the 
highest temperature because of its more direct exposure to the hot air, 
while its upper part has the lowest temperature. More interestingly, the 
case with inclined orientation exhibits the highest overall temperature 
among the three different orientations. This suggests that there is a 
threshold in the angle between the air flow and the leaf, regarding the 
convective heat transfer. This is due to the highest exposure of the leaf to 
the hot air considering both factors of velocity and direction of the flow. 
The case with the horizontal orientation has the perpendicular direction 
to the hot flow, which helps the convective heat transfer, but has the 
stagnation point and low velocity flow. On the other hand, the case with 
vertical orientation has a higher air velocity at its vicinity, but its 

direction to the hot flow is parallel. Overall, the results indicate that the 
angle of attack (θ), which is defined as the angle between the direction of 
the fluid flow and the leaf surface normal, is of key importance in 
convective heat transfer. The angle of attack (θ) influences the devel
opment of the boundary layer around the leaf. Moreover, changing the 
angle of attack leads to the creation of recirculating flow and turbulence, 
affecting the overall dissipation of convective heat in the vicinity of the 
leaf. In other words, the divergence of flow and stagnation point affects 
the convective heating below the leaf. So, the case with the inclined (45◦

angle) orientation has the highest convective heat transfer, compared to 
vertical and horizontal cases.

In other terms, the variation of the convective heat transfer coeffi
cient (hconv) with the angle of attack (θ) exhibits a non-monotonic trend 
driven by the competing effects of tangential and normal flow compo
nents. When the angle of attack increases from the vertical position (θ =

0∘) to the inclined configuration, the normal velocity component (Un =

Usinθ) increases (impingement effect), which enhances convective heat 
transfer across the surface. This condition promotes asymmetric flow 
over the leaf, with higher velocities along the windward side and the 

Fig. 14. Temporal diagram of moisture normalised mass for different cases with FMC = 4, 10, 26, 34, 63% and three different orientations.
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formation of a downstream recirculation region, both of which 
strengthen heat transfer and accelerate drying, pyrolysis, and ignition. 
However, as the angle of attack continues to increase toward the hori
zontal orientation (θ→90∘), the tangential component of velocity (Ut =

Ucosθ) diminishes, causing a stagnation point to develop at the central 
region of the leaf, leading to reduced near-surface velocity and localized 
heat transfer despite a strong impingement effect at the centre. This 
stagnation zone limits the convective heat transfer in the central region 
while slightly enhancing it toward the edges due to local flow separa
tion. Consequently, the overall heat flux becomes lower and less uniform 
compared with the inclined case. Consequently, hconv first increases with 
θ, reaching a maximum at an inclined angle where both tangential 
sweeping and normal impingement are balanced, and then decreases as 
stagnation effects dominate, confirming the existence of a threshold 
angle that optimizes convective heat transfer. Therefore, as the angle of 
attack increases from vertical → inclined → horizontal, the convective 
heat transfer first increases, reaches a maximum (at approximately the 
inclined case), and then decreases.

The HRR analysis, illustrated in Fig. 10, reveals that leaves with 
lower FMC ignite faster and release heat more rapidly. This is consistent 
with the understanding that drier fuels combust more intensely and 
quickly due to lower heat absorption requirements for moisture evap
oration, allowing more energy to be used for combustion [54,55]. The 
inclined orientation was not only associated with accelerated onset of 
HRR but also achieved higher peak values compared to the vertical and 
horizontal orientations. This suggests that in vegetative fire scenarios, 
leaf-like fuel elements are more susceptible to ignition when they are 
inclined at an angle to the convective flow.

Looking at Fig. 12, after exposing the leaf to the hot air flow and 
allowing 3.5 s to elapse, it is observed that cases with lower fuel mois
ture exhibit greater advancement in the combustion process, which 
matches the results in Fig. 11. After heating the leaf to a temperature of 
approximately 300 ◦C [56], the cellulose starts to emit pyrolysis gases 
around the leaf, initiating the burning process and flame formation 
around the leaf. The cases with higher FMC levels emit the lowest 
amount of pyrolysis gas after 3.5 s. The spatial distribution of these 
pyrolysis gases is crucial for understanding flame propagation patterns. 
FMC and leaf orientation significantly impact pyrolysis gas release, 
highlighting the importance of considering both factors.

The pattern of flame formation varies based on the orientation of the 
leaf. In the horizontal orientation, a stagnation point with zero air ve
locity is present at the central bottom, causing the flow to diverge to
ward the corners. Consequently, flames begin to form above the corners 
of the leaf. In the vertical orientation, flames form at the lower edge of 

the leaf, which is the hottest part. For an inclined case, the pressure 
deficit and turbulent effects at the back side, downstream, result in an 
intermittent flame that forms at the lower part of the leaf.

As shown in Fig. 15, the ignition, dryout, and burnout times for the 
inclined leaves are shorter than those for other orientations. This in
dicates that all combustion processes occur more rapidly in inclined 
leaves compared to the horizontal and vertical leaves. Given this 
observation, along with the fact that FMC has a slight delaying effect on 
the combustion process, it is important to highlight that in the initial 
stages of combustion (at approximately 3.5 s, as shown in Fig. 11), the 
flame height for inclined leaves is greater than that for other orientations 
when higher FMC is present.

Examining Fig. 15 in greater detail, the linear increase in ignition 
and dryout times with higher FMC emphasizes the role of moisture in 
prolonging the pre-ignition phase. The relatively minor impact of FMC 
on burnout time beyond 26% indicates a threshold where additional 
moisture does not significantly delay combustion completion. This is 
consistent with operational doctrine, which state that the ideal FMC for 
prescribed burning is 9–16%, whereas an FMC of 25–30% is too wet to 
support sustained burning [55].

The FMC has a significant relation with the ignition process, which 
influences fire formation. The current study helps to understand how 
solid fuels ignite and the relationship of burning characteristics with 
factors such as moisture content and orientation to the convective heat 
source. The findings of this study enhance our theoretical understanding 
of how FMC and leaf orientation affect the ignition, drying, and burning 
processes of leaf-like fuel elements. These results shed light on the 
intricate physical mechanisms governing leaf combustion, offering a 
more detailed perspective on the factors influencing ignition times and 
burnout durations. Specifically, the study reveals that inclined leaves 
ignite and burn out more rapidly than those in horizontal or vertical 
orientations, highlighting the significant impact of orientation on com
bustion dynamics.

By elucidating these effects, our research contributes valuable 
knowledge to the field of fire behaviour modelling. The insights gained 
from this study can help refine theoretical models and potentially 
improve predictions of fire behaviour in various environmental condi
tions. This deeper understanding is essential for advancing fire science 
and enhancing our ability to model and predict combustion behaviour 
effectively. The outcomes of this study pave the way for further research 
in this field. Future studies could explore a broader range of orientations 
and moisture levels to gain a more nuanced understanding of fire dy
namics. Additionally, investigating the effects of varying airflow ve
locities and directions could provide deeper insights into fundamental 
fire behaviour. For example, research could delve into the effects of 
turbulent flow around the leaf, examining turbulence factors and their 
impact on convective heating. Exploring different angles could help 
identify the threshold between different flow regimes around the leaf 
and hence different convective heating regimes. Understanding these 
dynamics can provide deeper insights into how air movement influences 
heat transfer and combustion processes. Incorporating other environ
mental factors, such as wind speed and humidity, would further enhance 
our fundamental understanding of ignition and combustion processes.

Natural vegetative fuels contain additional constituents such as 
hemicellulose, lignin, and minor organic compounds, and moisture 
migration and vapor transport within porous structures can influence 
local thermal gradients and ignition characteristics. The use of pure 
cellulose in this study was an intentional simplification adopted to 
isolate and examine the fundamental physical mechanisms, namely the 
influence of orientation on convective heat transfer, drying, and pyrol
ysis. Such an approach is well established in combustion research for 
decoupling geometric and thermal effects from the complexity of het
erogeneous fuel composition [10,57–59].

The model does not explicitly include internal vapor transport; 
however, the evaporative energy sink and surface moisture removal 
processes are directly represented in the governing equations, allowing 

Fig. 15. Diagram of ignition time, burnout time, and dryout time, versus fuel 
moisture content, for the three different orientations.

A. Edalati-nejad et al.                                                                                                                                                                                                                          International Communications in Heat and Mass Transfer 172 (2026) 110582 

15 



the simulations to capture the dominant thermal influence of FMC on 
ignition delay and heat-transfer dynamics. Importantly, the study does 
not aim to reproduce a specific vegetation species, but to establish 
fundamental knowledge and generalizable trends in how the alignment 
of thin fuel elements with an external flow controls the convective 
heating rate, ignition time, and flame evolution. The findings offer 
foundational insights with broader applicability beyond wildland fires 
to engineering applications, potentially informing fuel arrangement in 
combustion systems, drying technologies [60,61], thermal management 
[62], heat exchanger design and optimisation [63], and thermally 
driven material processes where spatial configurations influence heat 
and mass transfer. The current framework represents an approximation 
of biomass fuels, and that future work will extend the model to include 
multi-component solid composition and in-depth moisture transport to 
improve quantitative prediction under realistic fuel conditions.

6. Conclusions

This investigation systematically examined the influence of fuel 
moisture content (FMC) and orientation on the drying, pyrolysis, igni
tion, and combustion of leaf-scale solid fuels exposed to a convective 
heat source. The findings address a gap in existing models, where the 
influence of orientation on combustion dynamics has been overlooked, 
offering new insights into the role of orientation in pyrolysis behaviour. 
The key findings can be summarised as follows: 

• This investigation reveals the presence of an optimum contact sur
face and angle of attack, demonstrating that inclined orientations 
enhance pyrolysis rates and flame formation more effectively than 
horizontal or vertical positions.

• There is a threshold angle between the airflow and the leaf that af
fects convective heat transfer due to the leaf's highest exposure to hot 
air, considering both velocity and direction of flow.

• Changing the leaf's orientation at a constant FMC alters the tem
perature distribution on the leaf, with the inclined orientation 
experiencing the highest temperature rise.

• In the horizontal cases, ignition occurs above the corners of the leaf, 
while in vertical cases, it occurs along the lower edge.

• The simulations also confirmed that increasing the FMC decreases 
the maximum HRR and changes the time of its occurrence.

• While ignition and dryout times grow almost linearly with increasing 
FMC, the effect on burnout time is less pronounced, especially 
beyond 26% moisture content.

Overall, this study provides new insight into how orientation and 
moisture jointly influence leaf-scale combustion dynamics. The results 
emphasis the role of geometry-induced convective interaction in deter
mining ignition thresholds and flame evolution, contributing to 
improved understanding and modelling of fine-fuel behaviour.

Nomenclature

g acceleration of gravity
P Pressure
T Temperature
Ea Activation energy
ui Component of velocity in the i direction
Sct Turbulent Schmidt number
R Gas constant
δ Kronecker delta
υ Laminar viscosity
A pre-exponential factor
hconv convective heat-transfer coefficient
WALE Wall-Adapting Local Eddy-viscosity model
FMC fuel moisture content
̃ Favre (density-weighted) filter

HRR heat release rate
y+ dimensionless wall distance
ω̇ mass consumption rate
ρs averaged density of the species
Ym Mass fraction of species m
k Reaction rate
h Enthalpy
Prt Turbulent Prandtl number
DC Laminar diffusion coefficient
ϕ Viscous shear stress
e Exponential function
αt Thermal diffusion coefficient
cp Specific heat
fvDOM finite-volume Discrete Ordinates Method
LES Large-Eddy Simulation

spatial/filter average
HIR heat input rate
μ dynamic viscosity
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