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In this study, the complex combustion process of natural wood, with different moisture contents, has been
characterised using a pioneering approach that integrated Mid-Wavelength Infrared (MWIR) Hyperspectral
Imaging (HSI), Schlieren imaging, Long-Wavelength Infrared (LWIR) thermal imaging and visual imaging. The
experiment involved the combustion of oak wood samples with moisture contents varying from dry (defined as
0%) to 30%. This setup enabled a detailed investigation into the combustion process, examining aspects such as
weight loss rates, thermal behaviours, spectral radiance of gas emissions and flow structures. Higher wood
moisture levels were associated with decreased fuel consumption and sustainability of the combustion. The
radiance ratios of CH4/CO2 and CO/COy were higher in samples with increased moisture during the initial
combustion stages, indicating reduced efficiency in gas-phase combustion. The different combustion stages:
flaming and smouldering, were characterised by the thermal profiles. Results demonstrated the moisture level
significantly affected the initiation of both flaming and smouldering combustion, as moisture can suppress the
thermal pyrolysis of flammable gases during ignition and the evaporation of the residual water can cool the
surface locally after ignition. Additionally, the samples with high moisture content transitioned more quickly and
directly to smouldering combustion. This transition is further evidenced by lower emissions of flammable gases
and a significant decrease in the intensity gradient of flow structures in high moisture conditions. This
comprehensive study highlights the potential of multi-wavelength techniques in combustion research. The
findings have significant implications for optimising biomass combustion processes in various applications,
contributing to the broader field of energy and combustion science.

1. Introduction [4-7]. Specifically, studies have demonstrated that high moisture con-

tent in wood negatively impacts pyrolysis and greenhouse emissions

Wood combustion is a critical process in various applications,
ranging from domestic heating to industrial energy production. Under-
standing the behaviour of wood combustion, especially under varying
moisture conditions, is essential for optimising combustion efficiency
and reducing harmful emissions [1,2,3].

Previous research highlighted that higher moisture levels in wood
significantly increase energy consumption for moisture evaporation,
affecting temperature profiles, emissions, and combustion efficiency

generation [2] while it typically results in higher particulate emissions
factors and increases the time for ignition [8]. Moreover, the simulta-
neous processes of dehydration, pyrolysis, and combustion in moist
wood have been studied, revealing the correlation between thermal
degradation rate of biomass pyrolysis and moisture content [9]. It has
been observed that while higher temperatures can intensify mass loss
rates and the release of flammable gases, the presence of moisture
concurrently diminishes the formation of these combustion products

* Corresponding author at: School of Low-Carbon Energy and Power Engineering, China University of Mining and Technology, Xuzhou 221116, China.
** Corresponding author at: Department of Electronic and Electrical Engineering, The University of Sheffield, Sheffield S1 4ET, United Kingdom.
E-mail addresses: xuangi.liu@cumt.edu.cn (X. Liu), j.r.willmott@sheffield.ac.uk (J. Willmott).

https://doi.org/10.1016/j.fuel.2024.132397

Received 14 May 2024; Received in revised form 25 June 2024; Accepted 30 June 2024

Available online 2 July 2024

0016-2361/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:xuanqi.liu@cumt.edu.cn
mailto:j.r.willmott@sheffield.ac.uk
www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2024.132397
https://doi.org/10.1016/j.fuel.2024.132397
https://doi.org/10.1016/j.fuel.2024.132397
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2024.132397&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Lai et al.

[10,11]. The moisture acts as a heat sink, lowering temperatures and
altering the chemical processes involved in wood degradation, which in
turn affects the release of volatile compounds and increases char pro-
duction, leading to the transition to the smouldering combustion
[12,13].

While many studies focused on specific aspects of combustion, such
as emission factors, thermal efficiency, or pyrolysis, the complex process
of biomass fuel combustion requires comprehensive process monitoring.
The distribution of gas-phase species can be dynamically influenced by
combustion conditions [14]. Conventional gas detection generally col-
lects the combustion products at a specific point or analysed the flue gas,
which cannot provide information on spatial distribution or flow con-
ditions [15,16,17,18]. In addition, the dynamics in combustion stages,
such as from flaming to smouldering and from dehydration to self-
sustained combustion, are related to thermal and flow fields as well as
the pyrolysis of flammable gases. Their spatial distribution can provide
valuable insights incorporated when synchronised, but current research
has not yet achieved this [19,20]. An in-situ, image-based and multi-
faced approach for combustion process monitoring is highly demanded
[21].

Our study addresses this gap by integrating multiple imaging tech-
niques, aiming for synchronous observation and analysis of combustion
stages, behaviours, and dynamics, providing new insights and
enhancing the understanding of wood combustion processes.
Synchronised multiple imaging systems benefit in-depth combustion
research, especially for the complex biomass combustion [22,23]. A
combination of modern imaging techniques such as mid-wavelength
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infrared (MWIR) hyperspectral imaging (HSI), long-wavelength
infrared (LWIR) thermal imaging and Schlieren imaging would offer a
comprehensive understanding of the combustion process. Further ben-
efits can be realised when these are synchronised temporally, spatially
and spectrally, allowing detailed characterisation of temperature pro-
files, emission spectra, and gas-phase dynamics.

This work aims to characterise the complex wood combustion pro-
cess under varying moisture conditions with overall combustion rate,
thermal behaviour examination, spectral radiance analysis, and
synchronised visualisations. This study provides a comprehensive view
of the combustion process, revealing the interactions between moisture
content and combustion dynamics. Importantly, it highlights the tran-
sitions between different combustion stages, corresponding with
changes in thermal and gas emission profiles and flow structures.

2. Methodologies
2.1. Experimental arrangement

The experimental setup is illustrated in Fig. 1. The imaging system
consisted of four cameras to monitor the combustion process with
different methods, as shown in Fig. 1(a). A visual camera was employed
to monitor the burning process and assist in identifying the transition
from flaming to smouldering. The Schlieren imaging (Photron FAST-
CAM SAb) is sensitive to any density change of gas, thus enabling the hot
gas flow field surrounding the burning wood to be monitored. This
provides insight into water evaporation and gas-phase combustion
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intensity. A LWIR camera (PyrOptik, model LW640) was used to monitor
the wood side-surface temperature after pre-calibration. The side sur-
face temperature was used to determine the wood pyrolysis intensity
and the effect of water evaporation. A MWIR HSI system (Specim, FX50,
16 bits, 640 pixels spatial resolution) was used to image the emissions of
the burning wood. The MWIR HSI camera employed a push-broom
scanning method across the burning wood using a translation stage.
An image of the scene was cropped by a slit (19.2 ym) and then dispersed
across a MWIR focal plane array. A 3-D data cube was obtained and the
HSI was reconstructed after the dark-offset subtraction and image pro-
cessing [24]. Each scan duration was approximately 10 s, followed by
another 10 s for data storage and camera cooling; thus a time averaged
HSI of 10 s with 10 s interval was obtained.

2.1.1. Test rig arrangement

The test rig is shown in detail in Fig. 1 (b). The wood sample was
placed on a mesh holder in order to minimise the effects on the flow
field, then the sample holder was placed on an analytical balance
(ADAM NBL 84i) with a precision of 0.1 mg to continuously record the
weight loss.

A hydrogen burner with a 9.6 mm diameter nozzle was used for
igniting the wood sample with a flowrate of 3.0 L/min. Hydrogen fuel
was used to ensure that emissions from the pilot flame did not interfere
with the carbon-based spectral data obtained from the MWIR HSI sys-
tem. Each sample was pilot ignited for 40 s, then the fuel supply was cut
off and the sample burning was then self-sustained.

The MWIR HSI camera started to record and scan when the wood
samples had been pilot ignited for 20 s to measure the emissions during
the evaporation/ignition process. Then the camera recorded the emis-
sions every 20 s to measure the significant point in the combustion:
when the ignition was just cut off and self-sustained burning.

2.1.2. Sample preparation

Natural oak wood was cut into 15 mm x 15 mm x 30 mm cuboid
samples. The natural wood has anisotropic characteristics including
density, grain, and porosity. The anisotropic nature of wood signifi-
cantly influences moisture transport, representing the different drying
speeds, and the dynamic behaviours during drying and water uptake
[25,26,27]. This introduced challenges in standardising the moisture
content across all samples. Therefore, a set of samples with moisture
contents ranging from 8 % to 30 % with very small intervals was pre-
pared, measuring the actual moisture content of each sample to reflect
their true conditions. In terms of sample preparation, the present study
utilised a water-soak method to obtain varied moisture contents of the
wood [28,29]. All the samples were pre-dried for 12 h at 100 °C then the
weight was measured as an analogue for moisture content being at 0 %
in this study. Then, the dried samples were submerged inside a distilled
water tank for 4-10 h to obtain various water contents compared with
the control group. After all the samples achieved the required moisture
contents, they were set in vacuum for 48 h, to ensure uniformity of in-
ternal moisture.

It should be noticed that the procedures used in the present work did
not completely remove the natural moisture in the wood samples. Wood
contains various types of moisture, including free water, weakly bound
water, and strongly bound water [30,26]. Free water, located in the cell
lumens and intercellular spaces, evaporates quickly during drying, while
weakly bound water, held by capillary forces within the cell walls,
evaporates more gradually. Strongly bound water is chemically bonded
to the cellulose and hemicellulose in the wood and is released slowly
during the drying process.

The sample preparation procedures tended to remove the water that
is loosely associated with the wood, and reintroduce the free and weakly
bound water for a comparable experiment across various moisture
contents. Although the reintroduced water did not completely replicate
the naturally humidified state because the submerging process cannot
perfectly reverse the pathway that the moisture banded in the
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microstructures, this approach ensures the representative to the indus-
trial drying practices of biomass fuels.

2.2. Calibrations

2.2.1. Spectral radiance

The nonuniform spectral response of the MWIR HSI camera needs to
be calibrated to determine the actual spectral radiance emitted by
different species [31]. The calibration was conducted by scanning and
capturing images of a blackbody furnace (emissivity ~0.99) in the
temperature range from 350 °C to 800 °C, in 50 °C increments. The
blackbody radiation within the cameras spectral range can be calculated
as Eq. (1):

2
(2hc?), 1 o)

B(,T) = "5 AT
where B(), T) is the blackbody radiation, h is Planck’s constant, c is the
speed of light, A is the wavelength,

k is Boltzmann’s constant, T is the absolute temperature.

The digital level (DL(4, T)) can be obtained after subtracting the
offset from zero digital-logic-levels spectrally at different temperatures.
The calibration factor F can be obtained by calculating the ratios be-
tween the spectral radiance and the digital level, shown as Eq. (2):

_DL(A,T)
~ B(4,T)

F(A,T) )
The results of the calibration factor at different temperatures are
shown in Fig. 2 (a). The calibration factor was found to be relatively
consistent at different temperatures, which means F(4, T) is less depen-
dent on the temperature. The calibration factors were then spectrally
averaged, and the spectral radiance I(A, T) was calculated as Eq. (3):

I(A,T) = DL(A, T)/F(2). 3

The field-of-view (FOV) and width-height ratio of the HSI camera
was calibrated by scanning a 25 mm aperture placed in front of the
blackbody furnace. After reconstructing the images, the width-height
ratio of the HSI was measured as 40:1, which was used for recon-
structing the images with correct spatial geometry.

2.2.2. Thermal radiance

The LWIR camera used in the present study had a spectral range of
7.5-13.5 um. Its sensitivity to low temperatures benefited the moni-
toring of the wood temperature under evaporation. The camera has a
640 x 512 pixel resolution, with a fixed framerate of 9 Hz. The cali-
bration was based on Planck’s law [32], using a blackbody furnace
(emissivity ~0.99) set from 50 °C to 650 °C. The deviation between the
camera-calculated temperature and the actual temperature of the
blackbody furnace was quantified as the uncertainty of the calibration.
The results of the calibration and the deviation are shown in Fig. 2 (b).
The deviation was under 10 °C across the temperature range.

2.2.3. Spectral calibrations

Wood combustion is a complex process involving pyrolysis, gas-
phase flaming, solid-phase combustion and smouldering combustion
[33]. There are typical gas species produced from wood combustion
which radiate in the MWIR region, such as volatile organic compounds
(VOCs), CO, CO2, H0 vapour, and NO. Considering CHy is the dominant
VOC in the biomass pyrolysis process [34], it has been used to represent
the VOCs produced from the pyrolysis in the present study. A typical
spectrum of the burnt gases of the wood sample is presented in Fig. 2 (c)
and (d). The spectral range of the HSI camera was calibrated by the
manufacturer in the range of 2707.9 nm-5278.6 nm, in 308 channels.
The emission bands of H,0, CH4, CO2, CO and NO were identified using
the HITRAN database [35]. It should be noted that there was overlap
between the COy and CO bands boundary. The boundary has been
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Fig. 2. System calibration graphs. (a) Spectral radiance calibration for the MWIR HSI camera. (b) Thermal camera calibration. (c) Example spectrum of the wood gas

emission. (d) Gas species identifications based on HITRAN database.

determined between these as the lowest spectral intensity wavelength of
CO;, reported in HITRAN database which limited effects of overlap on
the present results; the effects of the overlap were then negligible.

2.3. Data processing

The measured weight loss shows the total fuel consumed and the
volume of thermal pyrolysis, which directly reflected the combustion
rate. The weight loss was recorded temporally from the time pilot
ignition was cut off. For consistency, the data was normalised based on
initial sample weight. In addition, the residual weight, representing the
remaining fuel sample weight after extinguishment, was measured at the
end of self-sustained burning and compared across samples in relation to
moisture content.

The side surface temperature of the wood was quantified by aver-
aging the pixel values within the region of interest. The time evolution of
average temperature was compared in relation to varying moisture
content levels. Furthermore, the peak temperature, which reflects the
highest average temperature the wood can reach, and the flame-out
temperature, marked by the temperature just before a significant drop,
have been quantified against different moisture contents. The surface
temperature can also be an indicator of the extinguishment of the wood
since most of the thermal pyrolysis ends below 200 °C [13,36]. There-
fore, the time duration from the pilot ignition to the point when the
average temperature fell below 200 °C was considered as the burning
lifetime of the wood. Similarly, the duration from ignition off to the
flame-out point was quantified as the active flaming period, and from
flame-out to the end of pyrolysis was considered the smouldering-
dominated period.

The spectral results captured by HSI were integrated spatially above
the burning wood, shown in the yellow box in Fig. 1 (b). The spectral
radiance of each gas species was then integrated spectrally, according to
their emission bands shown in Fig. 2 (d). This work utilised a ratio
method to estimate the relative change in gas species [37]. The ratio of
the spectral radiance emitted by two gas species is related to the relative
radiation intensity of the two species. According to Beer-Lambert’s Law

that the temperature, pressure and chemical species determine the in-
tensity and shape of individual spectral peaks. It can be assumed that the
different gas species are in thermal equilibrium and have same pressure
at the same location. Therefore, while the spectral radiance ratios do not
directly measure the true ratios of the gas concentrations, they act as
indicators for the relative change in gas species, offering comparable
results. In this work, three different ratios were utilised to represent the
combustion process: HoO%, which was obtained by calculating the H,O
spectral radiance percentage against the five major identified species,
shown in Fig. 2 (d), indicating the water vapour emission intensity of the
gas; CH4/CO2, which represented the consumption rate of the flam-
mable pyrolysis product; and CO/CO,, a direct indicator of the com-
bustion completeness. The HSI results were recorded from the 20 s of
pilot ignition with about 10 s interval. The results were presented
temporally and the first three time points: —20 s, 0 s and 20 s are pre-
sented against the moisture content, to show the emission ratios at
igniting, ignition off and self-sustained stages.

The HSI images were reconstructed and integrated spectrally along
each gas species, then presented with a colourmap after normalisation. It
is worth noting that the spectral radiance did not directly reflect the
concentration of gas species, because of temperature dependence.
However, the HSI could provide insights into the gas distributions and
relative intensity, especially in conjunction with Schlieren images.

The Schlieren images represent the thermal gradient of the gas-phase
flow, the complexity and contrast refer the more complicated temper-
ature distribution and disturbance level of the flow [38]. The time-
averaged mean gradients were adopted to characterise the flow field
around the burning wood under varied moisture conditions. 20 images
at certain time points (igniting, ignition off and self-sustained) were
averaged and calculated using the Prewitt method to show the differ-
ence in the inhomogeneities level.

2.4. Uncertainty analysis

Given the challenge in repeating the tests at the exact same moisture
contents due to the anisotropic nature of wood, the present study
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ensured the repeatability of results by conducting the experiments using
samples with very small intervals of moisture (typically from 0.05 % to
0.5 % for most cases) in the range from 8 % to 30 %. The quantitative
results are presented as trends against moisture content, demonstrating
both the repeatability and general trends.

In addition, the tested samples were grouped with closed moisture
contents (£0.5 %) at 10 %, 15 %, 20 %, 25 %, 30 % and the control
group (0 %), considering the limited differences in combustion behav-
iours impacted by such small amounts of water. The quantitative results
have been averaged within these groups, and the standard deviation has
been provided to present the experimental uncertainties.

3. Results and discussions
3.1. Overall combustion behaviours

The combustion rate and efficiency of wood is significantly influ-
enced by its moisture content [39,5], which can be directly assessed
through the rate of weight loss during burning. Moisture content acts as
a critical parameter, affecting both the energy required for evaporation
and the subsequent combustion process.

The initial moisture content of the wood samples used which ranges
from 8 % to 30 %, with the control case at 0 %. Fig. 3(a) illustrates that
residual weight percentage increased with higher sample moisture
content. The +0.5 % grouped results in Fig. 3 (b) present a clear
increasing trend. This shows that samples with higher moisture content
tended to leave a greater proportion of unburnt material, which in-
dicates a lower fuel consumption. Less heat in high moisture sample was
available to break down the wood’s solid components into combustible
gases, leading to more unburned material being left behind [2].
Although the dehydration and thermal pyrolysis occurred simulta-
neously, the evaporation of water was the dominant process during
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ignition [40]. The energy required for water evaporation slows down the
rate of thermal degradation of wood, resulting in a slower fuel con-
sumption rate [12].

Fig. 3(c) shows the time evolution of the weight loss rate of typical
moisture levels samples. The duration represents the wood combustion
process from piloted ignition to extinguishment, as identified by both
thermal imaging and the cessation of weight loss. The wood combustion
process consisted of dehydration, pyrolysis, and flaming/smouldering
[41]. It is found that the weight loss rate was rapid initially for all the
samples, indicative of intense flaming combustion, where higher tem-
peratures facilitated rapid pyrolysis and gas release [42]. The weight
loss rates slowed as the combustion progressed, transitioning to
smouldering-dominated combustion. It was observed that samples with
lower moisture exhibited a more rapid weight loss rate and a delayed
transition to smouldering combustion. Drier wood can sustain a longer
flaming stage because it maintains a high rate of pyrolysis when exposed
to sufficient heat [2] while energy in moister samples was consumed for
evaporation, shifting the thermal equilibrium. This shift potentially fa-
vours char formation and alters the combustion pathway [20].

3.2. Thermal behaviours

The thermal behaviour of wood during combustion is a critical aspect
of understanding its burning characteristics as the fuel temperature
directly corresponds to the transitions between combustion stages. Fig. 4
(a) presents the temporal evolution of the side surface temperature for
wood samples with varying moisture content. The thermal profiles
represent different stages of wood combustion: piloted ignition; flaming
combustion, where the fuel was sustained at a high-temperature plateau
due intense heat release [5]; flaming-smouldering transition, where the
fuel temperature began to significantly drop; and the smouldering-
dominated combustion, indicating a slower, more moderate solid-
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phase combustion [6]. Fig. 4 (a) shows that the surface temperature has
insignificant difference after the piloted ignition was turned off though
the lower moisture samples raised the surface temperature more rapidly
during the ignition. This represents the moisture has been removed from
the exterior surface. During the self-sustained burning, the results
illustrate that samples with higher moisture content tended to reach
their peak temperature more rapidly, yet these peak temperatures were
lower compared to drier samples. This was likely due to the migration of
the residual water to the exterior surface and cooled the wood locally
with evaporation, subsequently impeded the combustion. Moreover, the
duration for which the samples maintained a high-temperature plateau
(flaming combustion) was inversely proportional to the moisture con-
tent. A temperature threshold of 200 ‘C was set to represent the extin-
guish point where at below the rapid pyrolysis of wood ended [13].
Therefore, the burning life for the self-sustained burning can be quan-
tified, as shown in Fig. 4(b). The averaged lifetime within the grouped
moisture and their standard deviation are presented in Fig. 4 (c). The
results suggest the higher moisture level can lead to a lower ability of
self-sustained combustion, and the wood was unable to maintain the
necessary thermal conditions for ongoing combustion, resulting in
incomplete fuel consumption.

Fig. 5 illustrates the synchronised visual and thermal images of
typical moisture samples at various combustion stages that were cat-
egorised in thermal profiles. The combustion stages can be also identi-
fied based on visible flame presence: flaming (when intense flames
exist), transition (characterised by surrounding intense flame-out), and
smouldering-dominated combustion. Notably, the low moisture samples
exhibit a partial transition to smouldering, where flaming and smoul-
dering coexist, indicating that the temperature remains sufficiently high
to sustain the pyrolysis of gas-phase fuels with the combustion pro-
ceeded. The thermal images reveal a homogeneous temperature

Timing
Flaming Transition Smouldering
700
°C
9
a
9
b 400
@
E 18
=
25
3 100
y

Fig. 5. Example visual and thermal images at critical timings: flaming, tran-
sition and smouldering.
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distribution across the entire surface of the low moisture samples, in
contrast to the high moisture samples, which show only partially heated
areas. This phenomenon was due to the residual water migrating from
the interior to the exterior through the vessels, subsequently causing
localised cooling from the evaporation [43]. Given the larger amount of
the bound water residual in high moisture samples [30], the pyrolysis
and combustion processes broke the internal microstructures and
accelerate the migration of these residual moisture. The evaporation of
migrated water partly cooled the surface, leading less fuel involved in
the decomposition process, which accelerates the transition from
flaming to smouldering combustion [33].

According to the thermal profiles in Fig. 4 (a), high-moisture samples
reached peak temperature sooner, close to the end of piloted ignition,
indicating a weak initiation of flaming combustion. Although the surface
temperatures of high-moisture samples were insignificantly different
from those of the drier samples immediately after ignition, considerable
heat was consumed in evaporating the residual water that migrated from
within, weakening the initiation of the flaming combustion. Gas-phase
combustion was a significant contributor for heat release and main-
taining a high-temperature plateau. The high-moisture samples have
limited heat input from the flaming combustion, shown as the shorter
plateau of high temperature compared with drier samples. In detail,
Fig. 6 (a) shows the quantitative results of the flaming combustion
duration alongside the peak average surface temperature with their
averaged value and standard deviation shown in Fig. 6(b). A shorter
flaming duration correlated with a lower peak temperature in high
moisture samples, indicating that the intensity of flaming combustion is
reduced at these higher moisture levels. The endothermic process of
water evaporation affected the rate of pyrolysis and the subsequent gas-
phase combustion [44]. The lower temperature (<320 °C) after initial
ignition of the moist samples and the locally cooling from the residual
water impeded the rapid pyrolysis generating the flammable gases [13],
resulting in a less availability of combustible volatiles from the pyroly-
sis. Consequently, the gas-phase combustion was suppressed, further
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limiting the heat release and thus the potential for sustained high-
temperature conditions [2].

Similarly, the smouldering combustion and the flame-out tempera-
ture were quantified and presented in Fig. 6 (c) and (d). Wetter samples
have a lower flame-out temperature and a correspondingly shorter
smouldering combustion duration, indicating a lower ability for self-
sustained burning and a greater tendency for the combustion process
to cease. Higher moisture content in wood leads to a weaker initiation of
smouldering combustion, as evidenced by the lower flame-out temper-
ature. Smouldering combustion, which involves the low-temperature
oxidation of the char, requiring higher temperatures for initiation
compared to volatile matter [45]. Lower flame-out temperatures in
wetter samples indicate the reduced initiation of the char combustion,
which is critical for maintaining self-sustained burning. Kinetic studies
have reported that the activation energy required for char combustion is
higher, making it more sensitive to temperature reductions caused by
moisture [46]. Additionally, the lower flame-out temperature reflected a
quicker transition from flaming to smouldering combustion due to less
pyrolysis of the gas volatiles [5,47] and the cooling effects from the
evaporation of residual moisture that migrated to the surface, aligning
with the observation of Fig. 5. The low flame-out temperature also
indicated the flaming-smouldering transition was induced by the surface
cooling rather than by the consumption of the fuel in drier samples,
resulting in a high level of incomplete fuel consumption.

3.3. Gas emission behaviours

The thermal profiles provide insights in the effects of moisture levels
on the different combustion stages: piloted ignition, flaming and
smouldering. The intensity and duration strongly depended on the
initiation of self-sustained burning, which was determined by the con-
centration of volatiles from thermal pyrolysis [48] and the conversion of
these volatiles to CO [16,49]. The spectral radiance analysis provides a
quantitative analysis of the emissions intensity during wood burning.
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Fig. 6. Different combustion stages and corresponding thermal profiles. (a) Flaming combustion. (b). Averaged flaming combustion results within +0.5 % grouped
cases and standard deviation. (c¢) Smouldering combustion. (d). Averaged smouldering combustion results within +0.5 % grouped cases and standard deviation.
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The radiance ratios of key combustion products, such as CH4/CO2 and
CO/COgy, can be used as indicators of the combustion efficiency and the
completeness of combustion [18,11].

Fig. 7 presents the temporal evolution of key spectral radiance ratios
with varied moisture contents. Fig. 7(a) shows that the spectral radiance
from water vapour was proportional to the moisture content within the
wood samples, which aligned with expected concentration of water
vapour in the air. Notably, water emission remained relatively high
when the piloted ignition was turned off, especially for the high-
moisture samples. This indicates that residual water was still present
inside the wood due to incomplete dehydration, although the surface
appeared dry and was at a high temperature. It is found that the H,0%
declined after around 20 s post-ignition, suggesting a stabilisation phase
following an initial dehydration phase (from —20 s to 20 s post-ignition).
This trend reflects the progressive evaporation of moisture from the
wood, which acted as a preliminary procedure before the intensive

Fuel 373 (2024) 132397

combustion occurred. Therefore, the two stages: dehydration and self-
sustained, can be characterised in the emission analysis, distinguishing
from the combustion stages categorised based on the thermal profiles.
Fig. 7(b) and (c) reveal similar trends, where higher moisture con-
tents corresponded to higher CH4/CO4 and CO/CO, ratios. CH4 and CO
are both products from the pyrolysis of biomass fuels [11,50,51]. The
higher ratios against CO, were indicative of incomplete combustion,
because they indicated a relative increase in the production of unburnt
hydrocarbons and incomplete oxidation products, leading to a low in-
tensity of flaming combustion [49] which was aligned with the analysis
of thermal profiles. It is found that the low moisture content samples
(Control, 9 % and 13 %) showed the lowest CH4/CO5 and CO/CO, ratios
during the dehydration stage and maintained similar ratios in the self-
sustained burning stage. This indicated that the flammable gases were
effectively oxidised and that intensive gas-phase combustion occurred
simultaneously with the water evaporation. And the simultaneous
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flaming-smouldering combustion released sufficient heat for the subse-
quent evaporation and pyrolysis.

Interestingly, in the self-sustained burning stage (from 20 s on-
wards), lower CH4/CO3 and CO/CO5 ratios in samples with higher
moisture content was found. This phenomenon may imply a decrease in
pyrolytic products because of the reduced thermal degradation of wood
components at lower temperatures, due to the constant energy
consumed in evaporating the residual water (local cooling in Fig. 5). It
also indicated a shift in the combustion regime, from a gas-phase
dominated process to a smouldering-dominated combustion, in the
presence of higher moisture levels [8]. In contrast, the drier samples
exhibited a coexistence of flaming and smouldering phases with a larger
area of fuel involved in the thermal pyrolysis (Fig. 5), resulting in a high
intensity of smouldering initiation, high consumption rates of fuel and a
longer lifetime of self-sustaining combustion.

Besides from the time evolution of the emissions in Fig. 7, Fig. 8 il-
lustrates the spectral radiance ratios at the critical initial combustion
periods — igniting, ignition off, and the early self-sustained stages to
show the moisture-dependent effects.

It can be observed from Fig. 8 (a) that the HyO% increased with
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moisture content as expected, and the large proportion of the moisture
was removed during the ignition stage. The trend against moisture can
be seen in Fig. 8 (b) with the averaged Hy0% within each moisture
group. However, when the pilot ignition was turned off, the increase in
Hy0% with moisture content was still present reflecting that residual
water within the wood was migrating to the exterior through the vessels
[43]. After the majority of moisture was removed, the Hy0% levels
showed a slight decrease in the higher moisture samples. This trend
supported the previous findings that less intense gas-phase combustion
and fast transition to the smouldering-dominated combustion in wetter
samples, as water was considered as one of the main products in gas-
phase combustion.

It is found that the CH4/CO> (Fig. 8 (c) and (d)) and CO/CO (Fig. 8
(e) and (f))ratios have a similar trend to that observed in HoO% during
the pilot ignition, implying less complete combustion and reduced
combustion efficiency in moister wood. Higher moisture content
inhibited the initiation of intense flaming combustion because the con-
stant evaporation of the residual moisture, aligning with the thermal
results in Fig. 6 (a) and (b). At the ignition off stage, the near-consistent
ratios across different moisture contents suggested a transitional phase
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where the high surface temperature from the pilot ignition facilitated
the onset of self-sustained burning. However, in the self-sustained
burning stage, both CH4/CO, and CO/CO, ratios decreased with
increased moisture content, suggesting a suppression of thermal pyrol-
ysis due to lower fuel temperatures. This indicated a reduction in the
intensity of gas-phase combustion and rapid transition toward
smouldering-dominated combustion in more moist samples since a
larger proportion of CO5 was generated from the oxidisation of solid
carbon [8]. The emission profiles provide insights to characterise the
flaming-smouldering transition under varying moisture levels, com-
plementing the thermal profile analysis.

3.4. Visualisations of flow structure

Visualising the combustion process using multiple imaging tech-
niques is pivotal for a comprehensive understanding of how moisture
content influences combustion dynamics and the flow structures. Fig. 9
shows a multi-faceted view by Schlieren, thermal, and HSI images at
various moisture levels and combustion stages.

At the ignition stage, the narrowing of the hot gas flow width in
higher moisture content samples, observed from Schlieren images,
highlighted a diminished intensity of flaming combustion. The heat from
the pilot ignition was primarily consumed in evaporating moisture, thus
limiting the energy available for triggering the vigorous flaming com-
bustion in the wetter samples. A decrease in surface temperature with
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increasing moisture, especially at 18 % and 25 %, indicates a less effi-
ciency of pyrolysis and flaming combustion at this stage. This led to a
reduction in the rate of wood degradation, and consequently a lower
intensity of gas-phase combustion initiation. The results of lower surface
temperature were directly shown in the HIS (Figs. 7 and 8). The
diminished CH4 and CO» emission intensity in higher moisture samples
corroborated the limited pyrolysis and suppressed flaming combustion
[2]. Besides, the relative prominence of CO emissions compared to CO5
suggested the existence of incomplete, smouldering-like combustion
[8,52].

When the pilot ignition was turned off, a reduction in the hot gas
layer underneath the samples in higher moisture cases was observed in
Schlieren images. Previous research indicated that this layer is essential
for sustaining biomass combustion since it provided considerable
convective heating and flammable gases upwards [22,36]. The lack of a
robust convective heating layer in higher moisture samples indicated a
weak initiation of the combustion process. Interestingly, the thermal
images showed only slightly lower surface temperatures but generally
similar temperatures in high-moisture samples compared to low-
moisture samples. As previously discussed, the piloted ignition heated
the surface, but water still remained inside (Fig. 8(a) and (b)). From HSI,
the low moisture samples (0 and 10 %) had intense flame combustion, as
the high intensity of CO3 emission and sufficient flammable gases for
subsequent supply. The gas-phase combustion also occurred for high
moisture samples (18 %, 25 %), however, the intensity and efficiency
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Fig. 9. Visualisations at typical timings and moisture levels.
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were lower, reflecting from Schlieren images with less intensity of
contrast and gradient level. The low intensity of initiation and the
constant energy consumption for the migrated water impeded the sub-
sequent combustion, leading to the fast transition to smouldering
combustion.

At the self-sustained burning stage, the flaming combustion in low-
moisture samples became stronger than when ignition was just turned
off. This was shown in Fig. 4(a) where a larger high-temperature plateau
was observed. The dynamic interplay between active flaming combus-
tion and surface heating created a feedback loop that amplified the
combustion process and thermal pyrolysis. Intensive emission of flam-
mable gases shown in HSI indicates the existence of a stable anchored
flame. The gases from pyrolysis can also be observed in the Schlieren
images for 0 %-10 % moisture samples, suggesting a coexistence of
flaming and smouldering phases. Contrarily, significant cooling of the
lower half of high moisture samples can be seen in the thermal images,
which was attributed to both the evaporation of migrated water and the
lack of sufficient hot air flow around the lower surface, resulting in a
decreased area under rapid pyrolysis. From the HSI, the low intensity of
COs in high moisture samples shows weakened gas-phase combustion.
The flammable gases decreased significantly, which related to the
decreased ratios in Fig. 8 (c, d) and (e, f) at the self-sustained stage. The
concentration of gas emissions near the wood’s surface in high moisture
samples further indicated the shift from vigorous flaming combustion to
a more subdued, smouldering combustion, aligning with the conclusions
that the fast transition to the smouldering.

It is observed from the Schlieren images that there is decreased
contrast and gradient in the hot gas flow with higher moisture samples.
This indicates the significant effect of the moisture on the flow structure
[53]. Fig. 10 shows the statistic results of the mean gradient of the flow
in Schlieren images at certain time points. The data reveal a decrease in
the average gradient with increased moisture levels, representing
reduced intensity and complexity in flow structures. During the ignition
process, the higher moisture affected the intensity gradient moderately,
this was because although the wetter samples exhibited less intensive
combustion, the flaming combustion was dominant for all moisture
samples. The flow intensity gradient significantly dropped when the
piloted ignition was turned off and at the self-sustained burning stage.
Such observations align with the visual and thermal profiles discussed
earlier, confirming that higher moisture levels expedite the shift from a
gas-phase dominated combustion to a smouldering regime, character-
istic of less intense thermal activity and slower pyrolysis rates.
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4. Conclusions

This study presents a comprehensive analysis of wood combustion
under varying moisture content. By integrating Mid-Wavelength
Infrared (MWIR) Hyperspectral Imaging (HSI), Schlieren imaging,
Long-Wavelength Infrared (LWIR) thermal imaging and visual imaging,
detailed insights into the complex dynamics of wood combustion have
been provided. The key contributions are summarised as follows:

e A clear correlation was observed between moisture content and
combustion efficiency, with higher moisture leading to lower weight
loss rates and up to 50 % increased residual weight compared to
dried samples. Furthermore, during the initial combustion stages, the
radiance ratios of CH4/CO3 and CO/CO4 were up to four times higher
in samples with increased moisture compared to the control group,
indicating reduced efficiency in gas-phase combustion.

e The time evolution of thermal profiles characterised the different
combustion stages: flaming and smouldering after the piloted igni-
tion. Drier samples exhibited higher peak temperature (approxi-
mately 180 °C difference between 0 % and 30 % moisture) and
extended durations of flaming combustion (up to 120 s difference),
indicative of more intense gas-phase combustion. Similarly, higher
moisture levels were associated with reduced flame-out tempera-
tures (approximately 150 °C lower) and shorter durations of
smouldering combustion (approximately 120 s shorter), suggesting
weaker initiation of smouldering in wetter samples.
Residual water inside was found to be proportional to the moisture
level after piloted ignition, as observed by HSI, with up to 30 %
higher H,0 spectral radiance emitted by the wet samples compared
to the control group. This residual water can migrate to the surface
via vessels and locally cool the surface temperature by evaporation.
e Low moisture samples demonstrated a coexistence of flaming and
smouldering phases, which supported sustained self-burning. In
contrast, samples with high moisture content transitioned more
quickly and directly to smouldering combustion, as impeded flaming
combustion led to earlier and faster shifts to this less intense com-
bustion stage.
It was found that higher moisture content leads to lower intensities of
flammable gas emissions during the self-sustained combustion stage
due to suppressed thermal pyrolysis, accelerating the transition to
smouldering combustion. This was supported by a significant
decrease in the average intensity gradient of flow with increased
moisture at the self-sustained stage, corroborating the dominance of
smouldering combustion in wetter samples.
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