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ARTICLE INFO ABSTRACT
Keywords: Biomass charcoal combustion is a complex process, significantly influenced by various operating parameters.
Biomass charcoal combustion Among these parameters, air supply emerges as a critical factor affecting combustion efficiency, gas emissions,

Combustion efficiency

and thermal dynamics. In this study, we explored these complex interdependencies using a novel combination of
MWIR hyperspectral imaging

L mid-wavelength infrared (MWIR) hyperspectral imaging and long-wavelength infrared (LWIR) thermal imaging,
LWIR thermal imaging . . . s . .
Air supply under different airflow rates. Our findings demonstrated that while increased airflow accelerated the overall
Gas emissions combustion rate, it simultaneously decreased combustion efficiency. Specifically, the thermal profiles showed an
increased surface temperature at a low flowrate (0.5 L/min) while decreasing in temperature with higher
flowrates. The decreased system temperature led to a lower combustion efficiency because of the reduced
conversion rate from combustible gases (CH4 and CO) into CO, and HO. Additionally, the results also
demonstrated that cooling effects of the high flowrates primarily impeded the solid-phase combustion stage. This
is further corroborated by the temporal and spatial variation in the emissions of key gas species (H20 vapor, CHy,
CO, and COy) observed through hyperspectral imaging. The emission evolution of these gases displayed the
different stages of the gas-phase and solid-phase combustion. The spatial distribution of the trace gases showed a
decreased distribution radius due to the enhanced diffusion to the fuel surface when the airflow increases,
aligning well with the two-film model established in the literature. Furthermore, we utilised spectral radiance
ratios (CO/CO2, CH4/CO2, H20/COy3) to gain additional insights into the combustion dynamics. These ratios
evidenced the decrease in combustion efficiency at high airflow rates. Finally, the increased H,0/CO3 ratio
further demonstrated the impeded char combustion and a shift towards pyrolysis at higher airflow rates because
of the decreased thermal equilibrium of the system. The findings from this study provide critical insights into the
dynamics of biomass charcoal combustion and illuminates the path for optimising energy efficiency and assessing
the environmental implications from burning biomass fuels.

1. Introduction content, making it ideal for energy production across various settings,
from industrial to domestic uses in developing areas [2].

Combustion processes play a vital role in the world’s energy systems, Despite its benefits, biomass combustion also poses environmental

underlying applications from power generation to waste disposal [1]. challenges, notably in the form of pollutant gas emissions such as CHa,

Charcoal, derived from biomass, offers high calorific value and low ash CO and NOx. Understanding and controlling the variables that influence
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these emissions is critical for mitigating potential environmental risks
and improving combustion efficiency [3].

A critical factor in the combustion process is the airflow supply [4].
Its role extends beyond merely enhancing oxygen availability or exert-
ing cooling effects, as traditionally perceived [2]. Airflow crucially in-
fluences combustion dynamics, efficiency, and the equilibrium between
pyrolysis and combustion phases. However, the current understanding
of how specific airflow rates impact biomass combustion remains
incomplete. This gap in knowledge partly arises from the limitations of
traditional diagnostic tools which struggle to capture the gas field in
biomass combustion processes effectively.

Existing gas detection techniques such as Particle Image Velocimetry
(P1IV) provide valuable insights into the velocity fields of fluid flow but
do not offer chemical specificity. Laser-based detection methods like
Planar Laser-Induced Fluorescence (PLIF) predominantly utilise UV to
NIR wavelengths and are thus generally limited to detecting fluorescent
species, primarily radicals, and typically do not cover MWIR wave-
lengths where the gas species have strong emission. Additionally, the
laser-based technology requires complex alignment and a controlled
working environment, making it difficult to use in biofuel combustion
systems. Traditional gas probing techniques can directly measure con-
centration but lack spatial resolution, which is crucial for understanding
complex dynamic processes. Other visualisation methods, such as those
employing narrow-band filters, are constrained by the spectral resolu-
tion allowed by the filter bandwidth and cannot simultaneously measure
multiple species.

Research on charcoal, coal combustion and their emissions are in-
tegral to energy and environmental science, aiming to improve energy
efficiency and achieve a better emission control [2]. For example, the
emission rate (ER) of CO/CO- has been considered as an indicator of the
combustion efficiency [5]. Traditional analysis methods, including flue
gas analysis, thermogravimetric analysis and mass spectrometry, have
highlighted how those factors such as fuel properties, system tempera-
ture, and airflow supply rate significantly influence combustion effi-
ciency and gas emissions [6,7]. However, these methods often fail to
provide the spatial and temporal detail necessary for an intricate un-
derstanding of combustion dynamics and the environmental impact. For
example, emissions from combustion processes, particularly CO and
CHy, pose environmental challenges due to their potent greenhouse ef-
fects [8]. And their intensity and spatial distributions can be highly
depending on the combustion stages combustion stages [9]. Conse-
quently, there is a pressing need for novel methodologies that can offer
detailed and dynamic characterisation of biomass combustion processes
and monitor the emissions simultaneously.

Recent advances in imaging techniques present new opportunities to
explore these impacts in detail [10,11]. This study employs a novel
technique of Mid-Wavelength Infrared (MWIR) Hyperspectral Imaging
(HSI) to map different gas-phase species produced during combustion.
Despite its demonstrated utility in other fields, the adoption of MWIR
HSI in combustion studies has been limited, marking an area of un-
tapped potential [12,13]. To provide additional context to the hyper-
spectral data, Long-Wavelength Infrared (LWIR) thermal images were
taken simultaneously, affording detailed thermal fields of the burning
charcoal surface [14].

This work introduces novel implementation of MWIR HSI and LWIR
thermal imaging to analyse charcoal combustion under varying airflow
conditions. In doing so, it reveals new insights into the impacts of airflow
rates on the spatial-temporal patterns of gas emissions, the balance
between complete and incomplete combustion, the pyrolysis and com-
bustion. The findings offer implications for optimising combustion
processes, enhancing combustion efficiency, and mitigating environ-
mental risks associated with biomass combustion, with potential
broader implications for the field of energy production. The advanced
diagnostic approaches proposed herein demonstrate promising results
for enhancing observation capabilities within the next-generation en-
ergy industry.
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2. Methodologies
2.1. Experimental arrangement

The experimental setup is illustrated in Fig. 1(a). Charcoal cubes
made from coconut shells were selected as the test samples in the work
because they are common in domestic and industrial applications. In
addition, the combustion of charcoal consists of both solid-phase com-
bustion (primary) and gas-phase flaming [15], which is representative of
biomass fuels. The dimension of the cube-shaped samples is 25 mm x 25
mm x 25 mm with the error under +1 mm. The initial weight was
measured as an averaged 63.5229 g with a standard deviation of 0.1009
g.

A premixed methane-air burner with a nozzle 9.6 mm in diameter
was used to ignite the samples with air and methane flowrates of 1 L/
min and 4 L/min respectively. A mesh holder was designed for the
purpose of minimising the interference of the flow field. Each sample
was pilot ignited for 20 s, then the methane supply was cut off and the
demand flowrate of compressed air was applied.

This work used 5 different airflow supply: 0 L/min (as control), 0.5
L/min, 1.5 L/min, 3.0 L/min and 4.5 L/min, to investigate the charcoal
combustion changes under different airflow supply conditions. The
airflow rates were determined after pre-tests with consideration to cover
a range from minimal to significant influence on the combustion dy-
namics. The work pressure can be considered as the ambient atmo-
spheric pressure of the open environment experiments. In practical
applications, such as grilling or traditional cooking stoves, it is common
to allow airflow from underneath for promoting more efficient com-
bustion [5,16]. Given the primary role of airflow supply in altering air/
oxygen availability and its relevance to practical scenarios in domestic
and industrial settings, precise control over the flow field is not essential
for the purposes of this study.

The charcoal sample was placed on a designed mesh holder to
minimise the impact on the surrounding flow field [17]. The sample
along with the holder were placed on an analytical balance (ADAM NBL
84i) with a precision of 0.1 mg. The lifting effect of upward airflow on
weight was pre-calibrated and subtracted from the weight. The results
were then normalised to their initial value to allow a comparison of the
weight loss.

The combustion process of charcoal was recorded thermally by a
long-wavelength infrared (LWIR) camera (PyrOptik, model LW640) and
spectrally by a mid-wavelength hyperspectral imaging (MWIR HSI)
camera (Specim, FX50, 16 bits, 640 pixels spatial resolution). The MWIR
HSI camera employs a push-broom scan in order to record hyperspectral
images. An image of scene was cropped by a slit (19.2 ym) and then
dispersed across a MWIR focal plane array. The 3-D spectral-temporal
data cube was acquired and can be subsequently reconstructed into a
spatial-spectral image cube with the post-processing. The camera was
fixed on a translation stage which allowed the camera to scan trans-
versely to cover the full extent of the sample. Each scan took about 10 s
and another 10 s for data storage and camera cooling, thus a time
averaged HSI of 10 s with 10 s interval can be obtained. The total
recording time was 30 min, starting when the airflow was applied. Each
flowrate was repeated 5 times, to quantify repeatability. Considering the
stable and consistent combustion process of charcoal (homogeneity), the
deviation in the emission during the scanning process is assumed to be
minimal.

2.2. Calibrations

The MWIR HSI camera was spectrally calibrated by the manufacturer
in the range of 2707.9 nm to 5278.6 nm in 308 channels. The nonuni-
form spectral response along the wavelength was determined in the lab
by comparison to Planck’s Law of an ideal blackbody. The spectral
radiance of a blackbody at a given temperature, is given as Eq. (1):
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Fig. 1. Experimental arrangement and pre-calibrations: (a) experiment setup; (b) calibration factor of MWIR HSI system and (c) radiance calibration and uncertainty

of LWIR thermal camera.
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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, and T is
the absolute temperature.

The camera was scanned transversely and captured images of a
blackbody furnace (emissivity ~0.99) temperature ranging from 350 °C
to 800 °C with 50 °C increment. The digital level (DL(4, T)) along with
the wavelength at different temperature can be obtained after sub-
tracting the dark offset value from the digital-logic-levels spectrally. The
calibration factor F can be obtained by calculating the ratios between
the spectral radiance and the digital level [18], as shown in Eq. (2):

DL(A,T)
F(L,T) = BT )
Fig. 1(b) shows the results of the calculated F(4, T). It is found the
ratios were relatively consistent with different blackbody temperatures,
which means F(4,T) is less dependent on the temperature. The actual
spectral radiance could then be calculated by dividing the averaged
calibration factor F(1) by the camera digital level DL(2) for each wave-
length band, shown as Eq. (3):

I(4,T) = DL(A,T)/F(2). 3

The width-height ratio of the HSI was corrected by scanning a 25 mm
aperture in the front of the blackbody furnace. The width-height ratio of
the HSI was calculated as 40:1 which was used for reconstructing the
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images.

The LWIR thermal camera was sensitive from 7.5 ym to 13.5 um
which enabled it to detect the whole temperature range during the
charcoal combustion. The camera resolution was 640 x 512 pixels with
a fixed framerate of 9 Hz. The calibration was based on Planck’s Law
[19] using a blackbody furnace (emissivity >0.99) from 50 °C to 650 °C.
The uncertainty was determined as the deviation between the calculated
temperature and the blackbody temperature, which was under 10 °C at
all measured temperatures, shown as Fig. 1(c). The temperature of the
side surface of the charcoal was averaged and compared with different
airflow conditions.

2.3. HSI processing

The raw HSI data was in a 3-D spectral-temporal data cube. The dark
frames were captured before each experiment and the offset from zero
digital-logical-levels from the raw data cube can be removed. Then the
spectral-temporal data cube was subsequently reconstructed into a
spatial-spectral image cube. The calibration factors (Fig. 1(b)) were
applied to the data cube to obtain the spectral radiance and eliminate
the non-uniformity of the camera sensor.

Charcoal combustion is a complex process which consists of the
thermal pyrolysis process (producing combustible species such as CHy,
CO, Hy, CyHg...), flaming combustion and solid-phase combustion [6].
Considering CHy is the dominate volatile organic compounds (VOCs) in
the biomass pyrolysis process [3,20], the key species in charcoal com-
bustion which emit radiance in the mid-wavelength are H>O vapour,
CHy, CO, CO3 and NO [16]. NO emission was not presented in this work
considering its low concentration and irrelevance to the combustion
efficiency. Fig. 1 (a) shows the region-of-interest (ROI) (Yellow dash-
line) which covers the primary region of the gas-phase products, and
the spectral radiance was integrated in the ROI to show a comparable
emission of the charcoal combustion. Fig. 2(b) shows the typical spec-
trum of gases generated from charcoal combustion. The emission bands
were identified by comparison to the HITRAN database [21]. The
radiance at single wavelength was then integrated along the identified
band of each gas species. This could quantify the spectral radiance of
certain species in the mid-wavelength range.

The integrated spectral radiance that represents individual gas spe-
cies was then normalised with a global maximum to restrict the values
within 16-bit for display purposes. The final HSI which provides the
direct visualisation of the gas distributions can be obtained after con-
ducting the spatial correction (40:1) and applying the colour map.

2.4. Gas species emission

The absolute spectral radiance depends on many factors such as
spectral emissivity and temperature, therefore the measured radiance
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intensity cannot directly reflect the level of each gas species
concentration.

The spectral radiance of a specific gas species can be expressed as Eq.
4):

A2
1(3,T) = A*n* / ¢(, T)*B(T, )d )
A

where A represents the physical constants of the system such as geo-
metric length and pressure of the gas, n is the concentration of the gas,
B(4, T) is the blackbody radiation, (4, T) is the relative emissivity (or the
emission coefficient) of gas. Assuming that the different gas species are
in thermal equilibrium, have the same pressure at the same location and
the same dilution level caused by the airflow supply, their spectral
radiance ratio can be defined as Eq. (5):

_ an*EA(/lA, T)*BA (/1,4, T)

Iy(24,T)/Ig(48, T) = ns e5(is, T) Bs(is, T) 5)

£a(4a.T)xBa(4a.T)
ep(p,T) Bp(4p.T)

/s and temperature. Consequently, the spectral radiance ratio offers
insight into the relative concentration ratio of the two species:i. In

In this equation, the term

remains constant for given A4,

addition, the dilution effects of the varied airflow can be considered as
negligible due to the same level of influence on different gas species. The
ratio approach has been widely used in remote sensing [22,23] for
concentration estimation. Similarly, the relative percentage of each gas
species % can be calculated.

The method provides a basic representation of the gas concentration,

under the assumption regarding the consistency of the term

ea(4a,T)+Ba(2a,T)
ep(28,T) Bp(2p.T)"

dominantly affects Eq. (5) while the variations are negligible given the
confined wavelength range and relatively insignificant temperature
change in this study [24,25]. Nevertheless, the spectral intensity ratio
can serve as an indicator for characterising the combustion process,
presenting its temporal evolution and the effects of varied airflow

supply.

This assumption is justified by the fact that 74 is pre-

3. Results and discussions
3.1 wt. loss and total combustion rate

The weight loss rate under different air flow supply were normalised
and presented in Fig. 3. They exhibited a clear increase trend with the
airflow increasing from control to 4.5 L/min. The increasing burning
rate with higher airflow has been demonstrated in the literature [7].
This weight loss can be attributed to two primary processes: combustion
and thermal pyrolysis [26]. Both of these processes contribute to the
reduction of the mass of the original biomass charcoal. While
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Fig. 2. (a) Example spectrum of charcoal gas products. (b) The identified species are based on HITRAN database [21].
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Fig. 3. Weight loss of the charcoal samples under different air flowrates.

combustion involves oxidation reactions with oxygen, thermal pyrolysis
refers to thermal decomposition processes which may occur in both
oxygen-rich and oxygen-deficient environments. Combustion predomi-
nantly results in products such as CO, and water, while thermal pyrol-
ysis generates a variety of gaseous products including CO, CH4, and
other volatile species [26].

In the early stages of combustion, the biomass charcoal undergoes
thermal pyrolysis primarily due to elevated temperatures, which leads to
the release of volatile gases. As combustion proceeds, the availability of
these volatiles and additional supply of oxygen influences the subse-
quent processes [27]. The higher in weight loss rate with the increase in
airflow supply could be attributed to the greater supply of oxygen,
promoting the global decomposition rate [27]. The oxygen facilitated
the combustion reactions which contributed to the weight loss of the
biomass charcoal. Concurrently, the increased flowrate aided the
diffusion of the oxygen into the charcoal surface which enhanced the
formation of both CO and CO, from the solid fuel surface [28]. There-
fore, the enhanced weight loss at higher airflow rates indicates the ef-
fects on combustion and pyrolysis processes, both of which contribute to
the overall weight loss rate.

The weight loss serves as an indicator of fuel consumption rate, but

0.5L/min

Control

1.5L/min

Fuel 378 (2024) 132901

without revealing the underlying dynamics between the competitive
processes of combustion and pyrolysis. The dominance of each process is
intricately linked to oxygen availability and temperature conditions
[29]. Interestingly, the introduction of airflow simultaneously enhances
oxygen accessibility while potentially reducing system temperature. A
thorough investigation of these complex dynamics, which requires a
multifaceted approach, is discussed in subsequent sections.

3.2. Thermal characteristics of combustion

Fig. 4 shows the surface temperature distributions under different
airflow rates at three time points (t =50 s, t = 220 s and t = 600 s). It can
be observed that the initial stages of the combustion (t = 50 s), the whole
charcoal fuel underwent a uniform and relatively high temperature. The
airflow did not significantly impact the surface temperature at this
point. When the combustion proceeded to t = 220 s, there were more
significant differences presented across the flow conditions. Under low
airflow conditions (control and 0.5 L/min), the charcoal surface
exhibited a relatively uniform temperature distribution, with cooling at
both side edges, which was attributed to natural convection cooling in
the absence of forced airflow. The surface temperature under 0.5 L/min
appeared higher than the control. However, at higher flow rates (e.g.,
4.5 L/min), the temperature distribution presented a distinct pattern
with a noticeable cooling effect at the bottom. This was due to the forced
convective cooling from the higher airflow impinging on the charcoal’s
surface. The impact of the different flow conditions also resulted in the
later stage of the combustion (t = 600 s). It can be seen that the
nonuniformity increased with the higher flowrates and the temperature
was relatively low when a high airflow was applied.

Fig. 5 presents the quantitative perspective on the time-evolution of
the average surface temperature. The profiles indicate that the surface
temperature typically increased rapidly to reach an initial peak, then
dropped to a lower point before gradually increasing again and even-
tually stabilising at a relatively consistent level.

This trend is consistent with the known stages of biomass combustion
[24,27,30]. Initially, thermal pyrolysis led to the release and subsequent
ignition of volatile gases, causing a swift temperature rise. The initial
peak represented the phase of intense volatile combustion. The ensuing
temperature drop indicated the depletion of volatiles and the onset of
char combustion. The gradual increase and subsequent plateau of tem-
perature signified the more stable, though slower, combustion of char.

It is found that the average surface temperature tended to decrease
with the increased airflow rate. This indicated that a low flowrate (0.5

3.0L/min 4.5L/min

550

350

Fig. 4. Thermal images of charcoal sample at t = 50 s, 220 s and 600 s under different airflows.
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L/min) could facilitate the combustion process with increased oxygen
availability. However, the cooling effects were more significant as the
flowrate increased further, inhibiting the combustion process. Concur-
rently, the general temperature of the flow field above the burning
charcoal was likely decreased because of the increased convective heat
transfer rate [7]. Interestingly, the temperature profiles during the
volatile combustion stage showed insiginificant variance across
different airflow rates. However, as the combustion progressed from the
volatile-dominant to the char-dominated phase, distinct temperature
deviations emerged. This pattern suggests that the rate of airflow pre-
dominantly influences the char combustion stage, leading to tempera-
ture divergences. Char combustion, requiring higher temperatures for
initiation compared to volatile matter [31] is governed by higher acti-
vation energies, as reported by the kinetic studies [32]. A lower flowrate
(0.5 L/min) provide higher amount of oxygen that leads to more com-
plete and efficient combustion of char, initials the transition to char
combustion earlier and sustains higher temperature. In contract, while

CH,

Consistent char
combustion

(a)

Stage transition

Time 1 5 10 15 25 1 5 10 15 25 1 5 10 15 25 (mins)
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higher airflow rates increased oxygen supply, they did not substantially
elevate oxygen concentration but instead significantly cooled the sur-
face. Therefore, the transition to the char combustion was delayed and
the intensity of the initiation and char combustion was reduced.

3.3. HSI and gas emission profiles

The thermal profiles highlight the interplay between the competing
influences of enhanced oxygen supply and increased convective cooling
on the system temperature. Section 2.3 describes the procedures for
processing the HSI. The reconstructed HSI in Fig. 6 provide detailed
spatial and temporal information on gas emissions during the combus-
tion process, presenting the effects of airflow supply from an additional
perspective. Three significant gaseous species: CH4, CO, and CO,, were
identified at their characteristic peaks, with temporal images acquired at
1, 5, 10, 15, and 25 min after ignition. The HSI were coloured after a
global normalisation to ensure the comparable display between different
experimental conditions. The HSI of the control group were compared
with 4.5 L/min airflow in order to observe the effects of airflow on the
distribution of gases. These images offer a direct view into the gas-phase
dynamics of biomass charcoal.

Generally, the spectral radiance of all three gas species declined over
time, indicating the decreased intensity of combustion with the con-
sumption in the fuel. However, the spatial distribution, intensity, and
rate of decrease vary considerably among these species, representing the
transition of the different combustion stages.

CH,4 displayed a concentrated distribution close to the charcoal
sample, suggesting its rapid production and consumption during the
initial, intense combustion of volatiles. Its spectral radiance, although
relatively weak, decreased significantly, almost disappearing after the 5-
minute mark. This observation is in agreement with the temperature
trends shown in Fig. 5, which suggest a transition to char-dominated
combustion occurring around 250 s. Additionally, both the spectral
radiance intensity and the spatial distribution of CH4 show insignificant
difference when the 4.5 L/min air supply was applied. This phenomenon
indicates the limited effects of additional airflow on the volatile stage of
combustion, supporting the finding from the thermal results in Fig. 5.

CO, in contrast, showed a spatial distribution extending further from
the sample than CHy, reflecting a less immediate but more sustained
emission during the combustion process. The spectral radiance, which
was initially lower than that of CO5 but higher than CH4, decreased
slowly over time. This observation could be attributed to the slow and
stable combustion of char, in which CO is primarily produced [32]. The
relatively consistent and high intensity of CO from 5-minute mark align
with the observed combustion stage transition in Fig. 5.

CO-, presented the highest intensity and the broadest spatial distri-
bution among the three species, indicating its significant production

CcO
High
Control

Control

......... -

Shorter extend at
higher airflow

Stage transition

Impeded char

combustion

1 5 10 15 25 1 5 10 15 25 1 5 10 15 25 (mins)

Fig. 6. Reconstructed HSI at typical peaks and under different time points showing the changes in intensity and distribution with time and varied airflow. (a) Control

and (b) 4.5 L/min.
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throughout the combustion process. Although it has the highest in-
tensity, it also showed a steep, negative trend over time.

It is worth noting that the distribution regions and spectral radiance
intensity of CO and CO; under 4.5 L/min airflow (Fig. 6(b)) exhibited
reduced vertical extents than the control group (Fig. 6(a)). Given these
two gases are the primary product of char combustion, this diminish-
ment in both intensity and distribution could indicate a suppression of
char combustion at high airflow rates. which has been demonstrated in
Section 3.2. Saxena [28] introduced a two-region model for the CO and
CO4 concentration profile above a burning coal particle. This model
explains the two specific regions of the oxidation of carbon. In the
diffusion region (region I), the carbon in the coal reacts with the diffused
oxygen and forms CO and CO», shown as Egs. (6) and (7). In the reaction
zone (region II), CO is consumed when it further reacts with the oxygen
and forms CO,, shown as Eq. (8).

C(s) +1/20(g) = CO(g) (6)
C(s) +02(g) = CO:(g) @
CO(g) +1/20:(g) = CO(g), ®

The dimension of these regions is a function of oxygen concentration.
Our observations provided a direct view of the gas distributions under
air supply. Fig. 6(b) shows a good agreement with the proposed model
[28]. With increasing airflow rate, the radius of both region I (diffusion)
and region II (reaction) decreased. This was due to the enhanced
diffusion into the surface with the additional oxygen.

The spectral radiance values depicted in Fig. 6 qualitatively illustrate
the spatial distribution and temporal evolution of each species while
they do not enable a direct comparison in the combustion efficiency
since the temperature dependent nature. Fig. 7 presents the relative
percentage of the spectral radiance emitted by the gas-phase products,
including H20, CH4, CO,, and CO emissions under different airflow
rates. The percentage of gas species represents the status of combustion
process (gas-phase combustion and solid-phase combustion balance)
and the combustion efficiency. Generally, a larger percentage of CO5
and HpO vapour indicates higher completeness of combustion and
combustion efficiency [33,34]. The higher concentration of combustible
gases (CO and CHy) indicates a lower oxidation level and results in a
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Fig. 7. The relative percentage of the spectral radiance emitted by the gas-
phase products under different flow conditions: control — dash line; 0.5 L/
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lower combustion efficiency.

Among the species, CO3 consistently dominated the emissions, which
is given its role as the primary combustion product [33]. The percentage
of CO, and CO emissions increased over time, in line with the progres-
sion of the combustion stages from volatile to char combustion [6].
Interestingly, the percentage of CO, decreased with higher airflow
supply. This can be attributed to the lower forming rate to CO2 explained
by the Arrhenius Law, shown as Eq. (9) below:

— A% Eq
k,=A exp(—ﬁ,) €)]
where k is the reaction rate coefficient, T is the absolute temperature of
the system, A is the pre-exponential factor, E, is the activation energy for
the reaction, and R is the universal gas constant.

In our analysis, we consider the convective and conductive heat
transfer at the charcoal surface, assuming steady-state and one-
dimensional conditions. The heat flux q is described by:

dr

q:hS(Tszair)‘F dx

(—kS—) (10)
where h is the convective heat transfer coefficient, T is the surface
temperature, T, is ambient temperature, k is thermal conductivity and
S is the surface area. As the airflow rate increases, the velocity boundary
layer at the charcoal surface reduces, leading to a thinner thermal
boundary layer and a more pronounced temperature gradient, which
enhances heat transfer through conduction. The increase in airflow also
elevates the local Reynolds number (Re,), enhancing the Nusselt number
(Nu) —a function of both Reynolds and Prandtl numbers (Pr) under
laminar and turbulent conditions over a flat plate. According to the
definition Nu = ﬁ, this results in an increased convective heat transfer

coefficient, thus amplifying heat loss through convection. These dy-
namics lead to a decrease in the system temperature, which in turn re-
duces the reaction rate coefficient according to Eq. (9).

The percentage of CO increased with higher airflow supply. This was
attributed to two factors: On the one hand, the higher flowrate enhanced
the diffusion of oxygen to the charcoal surface, facilitating the formation
of CO (Eq. (5)). This has been demonstrated in Section 3.2 that the more
effective diffusion with higher flowrate both in our observation and the
reported model [28]. On the other hand, the decreased reaction rate k.
according to Eq. (9) reduced the consumption of CO in converting to
COo, resulting in a higher percentage of CO.

The emissions of H,0 and CH4 showed a decrease over time, peaking
around 100 s, which aligned with their association with the initial vol-
atile stage of biomass combustion [27] discussed in Section 3.2 with the
surface temperature (Fig. 5). The CH4 emission was more significance at
higher airflow, suggesting a less combustion efficiency and a less intense
of char combustion process, which typically requires a higher initiation
temperature.

3.4. Emission ratios and combustion dynamics

In order to further investigate the effects of air flowrates on the
combustion efficiency and dynamics, the ratios of spectral radiance of
typical gases have been quantified and presented since the refers to the
fraction of carbon released as CO; is an important indicator of the
combustion completement [2,5]. Fig. 8 shows ratios of CO/CO3, CHy/
CO5 and Hy0/CO5 emissions under varied airflow rates over time. These
ratios provide crucial insights into the dynamics of combustion
processes.

For CO/CO;, ratio, an increasing trend was observed over time, and
the ratio was found to be the highest at the maximum airflow rate (4.5 L/
min). This trend evidences the discussion in Section 3.3 regarding the
shift towards incomplete combustion with increased airflow rates, given
that CO is a primary indicator of incomplete combustion [3]. This
phenomenon was attributed to the enhanced diffusion from the solid
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Fig. 8. The integrated spectral radiance ratio between gas products under various air flowrates. (a) CO/CO,; (b) CH4/COs; (c) H20/CO». Solid lines are the averaged

values and shadows present the deviation.

fuel surface and decreased reaction rate caused by the significant cool-
ing at higher flowrate, a higher level of CO would remain [28]. The
quantitative results clearly illustrate while the overall combustion rate
increased at high flowrate (as shown in Fig. 3), the efficiency of the
combustion process correspondingly diminishes.

CH4/CO5 and H,0/CO, ratios, which correlate to the volatile com-
bustion stage, exhibited decreasing trends over time, with the lowest
ratios observed at the control condition. Given the association of CHy
and Hy0 with the initial stages of biomass combustion, their decrease
over time was consistent with the progressive consumption of these
volatile compounds and aligned with the stage transition observed from
the thermal profile (Fig. 5) and emission evolution (Fig. 6). Further-
more, higher CH4/CO5 ratio with the increased flowrate suggests a
greater degree of incomplete combustion, as the efficiency of converting
flammable gases to CO, diminishes. This reduced conversion efficiency
is elucidated by Eq. (9), which associates lower system temperatures
with higher airflow conditions. Conclusively, the increases observed in
both CO/CO4 and CH4/COj ratios under high airflow conditions signal a
trend towards more incomplete combustion and reduced conversion
efficiency, even though the overall rate of fuel consumption is increased.

Lastly, the HoO/CO; ratio can represent the balance between gas-
phase and solid-phase combustion-H,O was predominantly produced
during the gas-phase combustion, while CO5 can be produced from both
gas-phase and solid-phase combustion. Therefore, a lower Hy0/COy
ratio implies a progression towards enhanced solid-phase (char) com-
bustion. This decrease over time suggests the gradual consumption of
hydrogen within the charcoal fuel and a transition to the more stable
char combustion phase, corroborating thermal and gas emission obser-
vations. The ratio reached its lowest at the control condition, indicating
an increased predominance of solid-phase combustion at lower airflow
rates. This trend is attributed to a more vigorous initiation of char re-
actions, facilitated by higher fuel temperatures associated with
restricted airflow-H,0/CO5 ratio can also be considered as an indicator
of the balance between pyrolysis and combustion are competing re-
actions within the charcoal combustion process. A higher H,0/CO ratio
at higher flowrate directly reflects the shift in balance towards thermal
pyrolysis. Such changes in thermal equilibrium towards pyrolysis rather
than combustion could result from the decreased system temperature, as
the lower trigger temperature of charcoal pyrolysis compared to self-
sustained combustion. In addition, existed literature [28] reported
that the oxygen in coal tends to be used up to form water with a low
system temperature, while it tends to combine with carbon to produce
oxides of carbon at higher temperature. This agreed well with our ob-
servations of the emission ratio and the surface temperature.

4. Conclusions

In this study, we provided a comprehensive characterisation of
biomass charcoal combustion processes under varying forced airflow

conditions using mid-wavelength infrared (MWIR) hyperspectral imag-
ing (HSI) and long-wavelength infrared (LWIR) thermal imaging. The
combined application of these advanced imaging techniques facilitated
a multidimensional analysis of combustion dynamics, offering valuable
insights into the spatial-temporal patterns of gas emissions, the transi-
tion from volatile to char combustion, combustion efficiency, the bal-
ance between the pyrolysis and combustion, as well as the implications
of airflow variations on these processes. The charcoal sample was
selected to represent the biofuels and the insights gained in this work
could potentially help optimise the heterogeneous combustion system.
The new visual-based technique proposed in this work holds new po-
tentials in the biofuels research by providing both the flow and con-
centration fields of combustion products.
Key conclusions drawn from this study are as follows:

Weight loss results indicated that the overall combustion rate ac-
celerates with increased airflow, however, our multidimensional
diagnostic approach, demonstrated that combustion efficiency
concurrently decreases.

The higher average surface temperature observed at the 0.5 L/min
flow rate condition (up to 30 °C higher than the control and 65 °C
higher than 4.5 L/min) revealed that lower airflow rates promote
combustion process by balancing oxygen availability and cooling
effects. Furthermore, significant temperature variations were
observed after the transition from volatile to char stage (at ~250 s)
suggested that higher airflow rates predominantly influence solid-
phase combustion with reduced system temperature that is neces-
sary for char reaction initiation.

Hyperspectral imaging revealed distinct spatial distributions and
temporal dynamics of key gas emissions (CH4, CO, and CO5)
throughout the combustion process. It illustrated the combustion
stage transitions and revealed the inhibition of char combustion by
the high flow rates of air supply. The CO and CO3, distributions were
observed to be shortened with higher airflow rate, which was
attributed to the enhanced diffusion.

e The observed spectral radiance ratios revealed shifts in combustion
dynamics and lower efficiency with increased airflow. Notably,
higher CO/CO2 and CH4/CO; ratios with increased airflow rates
(approximately 60 % higher in CO/CO; and 67 % in CH4/CO>) were
associated with reduced CO, formation, attributed to lower system
temperatures and enhanced diffusion from the fuel surface. Addi-
tionally, increased H,O/CO, ratios at higher airflow rates suggest a
less intense char combustion and a shift towards pyrolysis over
combustion, reflecting a decrease in the thermal equilibrium of the
system.
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