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Abstract. While biomass is a promising carbon-neutral alternative to coal, the specific volatile
matter (VM) flame characteristics of diverse biomass pellets, particularly water hyacinth, remain
under-researched. This study uses a numerical CFD approach (Ansys Fluent) to investigate how
varying VM fractions influence flame structure in a 2D planar slice of the furnace block (25 cm
width). Simulations employed the SST k—w turbulence and Eddy dissipation model to capture
mixing-limited chemical reactions. Boundary conditions were based on experimental
configurations using a 0.05 m/s air inlet velocity. Results using CO-based flame-tip markers
revealed that water hyacinth (VM: 63.5 wt%) produced a peak temperature of ~1,400°C at 75
cm above the fuel, while rice husk and bagasse (VM: 59-77 wt%) exhibited longer, more intense
hot plumes compared to the localized heat profile of coal. These findings demonstrate that
biomass generates more dispersed combustion zones, aiding in furnace hot-spot prevention and
air control optimization. A limitation of this study is that findings are based solely on numerical
simulations without direct experimental validation, although the model replicates physical
furnace configurations. These results provide a foundation for developing sustainable biomass—
coal co-firing technologies.
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1. Introduction

Global energy consumption is currently dominated by fossil fuels, such as coal, which are limited in
supply and contribute to increased greenhouse gas emissions and air pollution [1]. Therefore, a shift to
cleaner, renewable energy sources is urgently needed [2]. Biomass is a promising candidate as an
alternative fuel because it is considered carbon neutral, meaning the carbon dioxide (CO:) released
during combustion is generally equivalent to that absorbed by plants during their growth phase. By
partially replacing coal with biomass, CO: emissions can be reduced, thereby supporting global efforts
to mitigate climate change. The use of biomass is also expected to reduce emissions of other pollutants
that are major problems associated with coal combustion, such as carbon monoxide (CO), nitrogen
oxides (NOy), sulfur oxides (SO), and particulate matter [1], [3-5]. Biomass generally contains lower
amounts of nitrogen and sulphur, so its combustion produces significantly less NOyx and SOy [6-7].
Experimental studies have shown that adding 10-30% biomass to a coal mixture can reduce NOy
emissions by approximately 19—42% and SO, emissions by approximately 24—39% [8]. Meanwhile, CO
emissions from biomass combustion are also influenced by the efficiency of the combustion reaction
(because biomass contains oxygen in its chemical structure). The oxidation of CO-to-CO: occurs more
easily during optimal combustion. Therefore, using biomass as an alternative fuel can significantly
reduce harmful pollutants compared to conventional coal combustion.

Indonesia is abundant in various types of biomasses, including water hyacinth (Eichhornia
crassipes), rice husks, bagasse, and sawdust [9-10]. Each biomass has distinct combustion
characteristics compared to coal. Generally, these biomasses have high moisture and volatile matter
(VM) content, resulting in lower ignition and burnout temperatures [1], [11-12]. Thermogravimetric
studies have shown that biomass samples begin to react at lower temperatures than coal due to their high
volatile content [1], [13]. In contrast, sub-bituminous coal typically contains a higher total carbon
content and requires higher combustion temperatures for complete oxidation [1], [12], [14]. These
differences in properties result in significant variations in the temperature profiles and combustion
reaction rates between biomass and coal. Furthermore, the ash content and calorific value of biomass
(usually lower) differ from those of sub-bituminous coal, thus affecting the thermal efficiency and
combustion residues of these fuels [1], [4], [7], [13]. The optimization of biomass-to-binder ratios is
also critical for enhancing combustion efficiency, as demonstrated in studies where specific
formulations achieved high calorific values of up to 7,192 kcal/kg while maintaining low ash content
(3.57%) [15].

Several recent studies have examined how biomass composition affects flame height and temperature
during volatile combustion [16-19]. All of those studies are laboratory-scale and often use idealized
fuels (single particles, pellets, or liquids) and burners. They clearly show that higher volatile matter and
smaller particle size increase flame height and temperature. However, each setup has restrictions — e.g.
pellet binding, instrument measurement limits, or focus on the volatile envelope only. Studying biomass
combustion characteristics requires a thorough understanding of the reaction processes and combustion
turbulence. Numerical simulations using Computational Fluid Dynamics (CFD) software such as Ansys
Fluent (ANSYS Inc.) are instrumental in this regard. CFD methods enable simultaneous modelling of
fluid flow, species transport, heat transfer, and chemical reactions within the combustion chamber [20].
Through simulation, researchers can estimate temperature distribution, gas species concentrations (CO,
CO2, NOx, SOx), and fuel mass conversion at various locations within the combustion chamber based
on specific chemical reaction models [20-23]. Such simulations help identify heat distribution and
emission patterns, as well as examine the influence of design parameters and operating conditions (e.g.,
air flow rate or furnace geometry) on combustion performance. Therefore, the CFD approach enables
the optimization of the combustion system to enhance co-firing stability, hot-spot prevention, and
furnace operational control.

Despite the established understanding that higher volatile content generally leads to taller flames,
there is a significant data gap regarding the localized thermal profiles and flame-tip trajectories of
invasive aquatic biomass, such as water hyacinth, when processed into pellets. Furthermore, a consistent
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comparison of these characteristics against traditional biomass and coal under identical furnace
boundary conditions is lacking. Moving beyond established correlations between volatile content and
flame height, this study uncovers a non-linear relationship driven by the competing thermal ballast
effects of moisture and ash specifically in water hyacinth and other local biomasses. This allows for a
more nuanced 'energy-density ratio' approach to furnace air-control that cannot be achieved through
proximate analysis alone. The primary novelty lies in the application of a CO-based flame-tip definition
to quantify the combustion behavior of water hyacinth pellets. The contributions of this work include:
(1) a quantified comparison of flame heights across five biomass types and coal, (ii) the identification of
peak temperature zones relative to VM fraction, and (iii) technical insights into air-velocity control for
optimizing biomass co-firing in industrial furnaces.

2. Methods

The CFD software used in this study is Ansys Fluent version 2025 R2. This program can be utilized to
specify custom sub-models with biomass input in the combustion process. Reynolds-averaged Navier-
Stokes (RANS) conservation equations are solved for the continuous phase in the Eulerian reference
frame. Second-order upwind algorithms are used to solve the continuity equations, momentum, energy
balance, and component transport balance in the presence of chemical reactions. The Shear-Stress
Transport (SST) k—w turbulence model is applied to this configuration because it can represent the
swirling flow behavior. The SST k—w turbulence model was paired with the Eddy Dissipation Model
(EDM) to specifically address the mixing-limited nature of the turbulent volatile flame. While EDM
simplifies the reaction kinetics into a two-stage process, it is highly effective for identifying the global
flame structure and peak temperature zones in industrial-scale simulations where turbulence dominates
finite-rate chemistry [24]. The constants A (applied to the reactant species) and B (applied to the product
species) in the turbulent mixing rate equations used in this simulation are 4.0 and 0.5, respectively [25].
The discrete ordinate radiation model is applied to solve the radiative transport equation. The
computational domain is a two-dimensional (2D) computational grid with 1,853 rectangular grid
elements. The dimensions of the simulated burner furnace represent a 2D planar slice of the furnace
block with a width of 25 cm with a domain height of 1.15 m equipped with an air fan with dimensions
of 10 cm x 10 cm and a biomass pellet particle insertion place with a slope of 3:2. This non-axisymmetric
approach was selected to focus on the cross-sectional flame development and species transport along
the primary flow path. While this assumes a degree of uniformity across the furnace width, it allows for
a more detailed observation of the longitudinal VM plume and hot-spot distribution within a simplified
computational framework.

To ensure that the numerical results were independent of the computational grid, a tri-level (Coarse
(1,853 elements), Medium (4,173 elements), and Fine (9,462 elements)) mesh refinement study was
conducted, employing metrics such as the Convergence Ratio to verify monotonic convergence within
the asymptotic range [26]. Evaluation of the longitudinal CO mass fraction and temperature profiles
indicated that the Coarse mesh effectively captured the primary flame structure and peak temperature
gradients with high stability. Given the comparative nature of this study (which focuses on the relative
differences between multiple biomass types rather than absolute experimental replication), the Coarse
mesh was selected to maintain a robust balance between numerical convergence and computational
economy. To ensure numerical credibility in the absence of direct experimental validation, a rigorous
grid-independence test was performed. Results from the Medium and Fine meshes showed less than a
10% difference in peak temperature & peak location compared to the Coarse mesh, confirming that the
primary flame structure is effectively captured. This methodology follows established practices for
comparative CFD studies where the focus is on identifying trends between fuel variations under identical
boundary conditions.

Boundary conditions were specified based on process data and equipment configuration during the
experiment. Air injection was specified with an inlet velocity of 0.05 m/s, a temperature of 27 °C, and
an oxygen (O;) content of 23% by weight with the balance being nitrogen (N3) gas. Inlet turbulence

02603026-03



intensity and quantities was defined as 5% turbulent intensity with viscosity ratio of 10. To simulate the
reactant in the form of VM, the author deliberately created boundary conditions in the form of walls
with 13 spherical (/2D circular) biomass pellet particles with a diameter of 1 cm. On each biomass pellet
wall, the boundary conditions were in the form of a mass fraction derived from the VM composition
from the proximate analysis and also in the form of thermal conditions in the form of the heat production
rate from the combustion reaction. The gas exhaust was set as the pressure outlet boundary condition,
with ambient pressure of 1 atm at room temperature with no backflow. The Eddy dissipation model
requires reaction product values to initiate the combustion reaction [27]. Therefore, for the ignition
process in the steady-state simulation, the mass fractions of all chemical species (VMs, O,, CO», H>0,
CO, and SO,) were initially set to 0.01, which is sufficient to ignite the combustion reaction. A species
mass fraction of 0.01 was used as a numerical seed for initialization as recommended in the Ansys Fluent
Documentation [27].

2.1.  Biomass Sub-Models
The combustion reaction mechanism was modeled as a two-stage reaction involving SO, with the
CO/CO; split in reaction-1 (Equation 1) being 1, indicating that the molar fraction of CO to CO; in
reaction-1 consumes all the carbon in the biomass to form CO with no CO, produced. Therefore, the
reaction equations can be written as Equations 1 and 2 below with stoichiometric coefficients calculated
from the proximate and ultimate analyses of each biomass. The VM composition in Equation 1 (vol) is
estimated to be 1 long-chain hydrocarbon species based on proximate and ultimate analyses [27]. For
reaction equation 1, the kinetic data are in the form of a pre-exponential factor value of 2.12 x 10" s,
an activation energy of 2.03 x 10® J/kmol, and a reaction order of [vol][O2] [27]. Meanwhile, for reaction
equation 2, the kinetic data are in the form of a pre-exponential factor value of 2.24 x 10" s, an
activation energy of 1.70 x 10® J/kmol, and a reaction order of [CO][02]>* [27]. The results of the
proximate and ultimate analyses, as well as the physical and chemical properties of the coal and water
hyacinth were taken from our previous studies, where several other biomasses (rice husks [28],
sugarcane bagasse [29], ironwood sawdust [28], and teak sawdust [28], [30]) are included as
variations/comparative values.

vol +v9,0;, = vcoCO + Vo, CO; + Vi, oHy 0 + 150,50, + vy, N, D

€O + 0.50, - CO, 2)

2.2 Definition of The Flame Tip of VMs

In non-premixed fuel gas combustion flames, CO, CO,, and O, concentrations have been widely used
as markers of the end/tip of the flame [31]. The end/tip of the flame is indicated by the decreasing CO
concentration, followed by an increase in O, concentration. In this study, we replicated a similar
approach to determine the location of the volatile flame. The CO concentration is high on the fuel-rich
side of the flame but decreases steadily toward zero outside the flame because oxygen (O) is abundant
in the outer flame, converting CO to CO,. The tip of the flame can be identified as the location where
the CO concentration decreases rapidly toward zero/or approaches a certain constant value
asymptotically close to zero. A commonly used parameter is the CO fraction (Equation 3) [21].

o [cO]
€O fraction = ([vol]+[02]+[COZ]+[H20]+[C0]+[502]+[N2]

A3)

3. Results and Discussion

3.1 Flame Length from Burning Water Hyacinth Pellets (and Other Biomasses)

Table 1 tabulated the summary of flame tip height (based on CO-marker), peak temperature, &
qualitative plume width of sub-bituminous coal and five biomasses. The credibility validation of the
interpreted flame structures was compared against the semi-empirical correlations for laminar/turbulent
jet flames established by Roper [31]. From Figure 1, The transition of the CO-concentration profile and
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the subsequent temperature decay in the simulation follow the classical diffusion flame characteristics.
Furthermore, the peak temperature recorded for water hyacinth (~1,400°C) aligns with experimental
observations of high-volatile biomass pellets in similar small-scale furnace environments [16-17], [19],
where peak temperatures typically range between 1,200-1,500°C depending on the excess air ratio.

Table 1. Summary of flame tip height (based on CO-marker), peak temperature, & qualitative plume
width of sub-bituminous coal and five biomasses

Materials Flame tip Height (m)  Peak Temperature (°C) Plume Width

Coal 0.18 1159 shorter plumes and lower,
more concentrated
maximum temperatures

Water Hyacinth 0.75 1438 intermediate pattern;
diffused hot peaks
Rice Husks 0.87 1481 longer hot columns and
higher peak temperatures
Sugarcane Bagasse 1.10 1572 longest hot columns and
highest peak temperatures
Ironwood Sawdust 0.78 1412 intermediate pattern;
diffused hot peaks
Teak Sawdust 0.74 1209 intermediate pattern;
diffused hot peaks

The determination of flame tip height is exemplified in Figure 1. The peak (Figure 1, blue line) at x
~15 cm is located in the fuel-rich flame zone, where intense volatile release occurs and minimal oxygen
is present. The peak in Figure 1 is preceded by reaction 1 (orange line) which is then followed by a CO
peak (blue line) which forms two bumps (or “bimodal”). At the reaction peak, volatiles mix and react
with oxygen to produce CO gas which is then turbulently propelled to form the first bump of the CO
curve. After that, the rate of reaction 1 immediately decreased until it disappeared due to the non-
stoichiometric occurrence of the combustion reaction. After a significant amount of CO was formed,
they were ready to react with oxygen according to Reaction Equation 2. The CO fraction reached its
minimum values at a height of 75 cm or about 60 cm from the disappearance of combustion reaction 1.
This is the CO exhaustion (i.e. tip of the volatile matter flame).

From the sensitivity of the VM released (not shown here) for the combustion at various weight
fraction with respect to the flame tip height and peak temperature at constant airflow velocity 0.05 m/s,
it can be inferred that the release of volatile matter is influenced by several factors, including volatility,
VM content, moisture content, and particle size, which play a significant role in creating the flame shape
[21], [32-33]. The sub-bituminous coal sample gives the lowest VM release profile (Figure 2). For
biomass-based fuels, the devolatilization process differs from that of coal because the volatile release
rate is higher and the onset temperatures are lower than for coal [33], [34]. The magnitude /number of
volatiles released from various biomasses, as shown in Figure 2, does not correlate with the VM content,
indicating that the values are not correlated. This is because the chemical reaction rates for the reactions
of the starting materials, volatiles, with oxygen are usually faster than the rate of mixing due to
turbulence for the fuel and oxidizing agent [24]. Consequently, in determining the flame length, the
influence of VM composition is less important than the volatile release rate and mixing rate. It has been
clarified that while VM provides the 'fuel' for the flame, the flame height is not a linear function of VM
percentage alone. For instance, in the case of water hyacinth, the high moisture content 9.9 wt% acts as
a thermal ballast, reducing the adiabatic flame temperature and volatile release rate, which explains the
shorter flame despite high VM, as compared to rice husk. Also, high ash (like in rice husk) can act as a
thermal sink or a physical barrier, slowing down the diffusion of volatiles into the oxidizing
environment. Additionally, even if VM wt% is high, a less dense pellet provides less "fuel mass" per
unit volume of the reaction zone, leading to a thinner, less persistent flame.
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The observed discrepancy between VM content and flame height, where bagasse (higher VM) and
water hyacinth (lower VM) display distinct morphology, supports the conclusion that flame structure is
determined by the energy-density ratio. In water hyacinth, the specific volatile release rate is tempered
by the 9.9 wt% moisture content, which requires significant latent heat for phase change. This effectively
'starves' the early ignition zone of thermal energy, leading to a more elevated peak temperature zone
(0.75 m) compared to coal (0.18 m).

3.2. CO: Profile and Combustion Temperature of Water Hyacinth Pellets (and Other Biomasses)
Figure 3 shows the numerical profiles of CO. mass fraction (blue line, left scale) and temperature
(orange line, right scale) along the centerline of the burner height for water hyacinth biomass pellets.
The temperature pattern follows a similar trend with the CO: fraction: a brief dip near the bottom, then
a rise towards a peak at approximately 0.3-0.4 m (peak temperature ~1,400°C) and a slow decline
upward. The correspondence between the temperature and CO: peaks indicates an active combustion
zone in the middle region, producing oxidation products. The decrease in both quantities towards the
top of the burner is due to cooling and dilution of the gas stream by the unreacted fan airflow. Overall,
this plot illustrates that bio-pellet combustion is focused in the center zone of the furnace, with maximum
CO: production and heat output at that position, then decreasing as the gas flow rises to the top.
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Figure 2. Volatile mass fraction profiles for the combustion of (a) water hyacinth, (b) coal, (c) rice
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Mass fraction of
-vol

0.0010
0.0009
0.0008
0.0007
| 0.0006

0.0005
0.0004
0.0003
0.0002
0.0001
0.0000

02603026-06



0.25 1,600
——C02 Mass fraction | 1,400
0.20 + Temperature
S + 1,200 _
° S
2015 T T 1,000
<) S
s T 800 %
S [
= 0.10 1 600 g.
s .
= T+ 400
0.05 +
- 200
0.00 } } } f f 0
0 0.2 0.4 0.6 0.8 1 1.2

Height from bottom chamber (m)

Figure 3. Numerical profiles of CO, mass fraction and temperature along the centerline of the burner
height for water hyacinth biomass pellets

In all numerical temperature profiles for the combustion of various biomass fuels (not shown here),
a hot plume structure is observed rising from the combustion area near the bottom, with the highest
temperatures (red/yellow on the scale) concentrated in the core of the gas stream above the fuel surface,
while the furnace walls and corners remain relatively cool (blue). Differences between biomass materials
are clear: subbituminous coal produces shorter plumes and lower, more concentrated maximum
temperatures, while rice husks and sugarcane bagasse display longer hot columns and higher peak
temperatures, indicating more intense heat and volatile release; water hyacinth (a biomass with a
medium VM of 63.47 wt.%) and both types of sawdust (ironwood and teak, biomass with a high VM of
>71 wt.%) show an intermediate pattern with somewhat diffused hot peaks. These vertical and lateral
temperature gradients reflect the differences in combustion characteristics of each material (e.g., volatile
composition and reaction rate) and are important for burner design, emission control, and combustion
efficiency, as the location and intensity of the combustion zone significantly impact mass conversion,
gas temperature, and pollutant formation.

3.3 Insights for Optimizing Combustion of Biomasses in Furnace (using Air-Velocity Control)
Analysis of the flame profiles reveals a nuanced relationship between fuel composition and flame
morphology. While a higher VM fraction typically suggests an elongated flame [35], our results show a
non-linear correlation. This is primarily attributed to the competing effects of moisture and ash. For
example, water hyacinth pellets, despite having a significant VM fraction (63.5 wt%), exhibit a peak
temperature zone at ~0.75 m. The presence of moisture (9.9 wt%) requires significant latent heat for
vaporization, which locally cools the flame base and slows the kinetic rate of volatile oxidation.
Furthermore, the high ash content in rice husk (21.4 wt%) compared to coal (17.6 wt%) serves as a
thermal buffer, resulting in a more dispersed and less 'pointed’ flame tip. These interactions suggest that
furnace air-control must be tuned not just to VM content, but to the energy-density ratio of the specific
biomass pellet.

To provide grounded technical insights into air-furnace operation, we performed a parametric study
varying the air inlet velocity as presented in Figure 4. When air velocity increases from 0.03 to 0.07 m/s
and the flame height drops (blue bars), it indicates that the combustion process transitions from being
diffusion-limited to being more mixing-efficient. This inverse relationship is attributed to the enhanced
air-fuel mixing rate; higher inlet momentum increases the shear forces between the air stream and the
volatile plume, accelerating the oxidation of CO and other intermediate species. Consequently, the
volatile matter is consumed closer to the burner base, resulting in a more concentrated heat release zone.
This is further supported by the orange curve (peak temperature), which shows that temperature
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increases, indicating that while the flame is shorter, it maintains high thermal intensity due to improved
combustion efficiency.

Our results show that higher air velocities (0.07 m/s) effectively reduce the flame height of high-VM
biomass pellets. This suggests that for biomass fuels like water hyacinth, which naturally produce
elongated plumes, increasing secondary air velocity is an effective strategy for preventing flame
impingement on upper furnace structures. We have linked this to the mixing-limited nature of the Eddy
Dissipation Model used in our study, where increased velocity directly correlates to a faster reaction rate
per unit volume, shortening the flame.
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Figure 4. Sensitivity of the airflow inlet velocity for the combustion of water hyacinth with respect to
the flame tip height and peak temperature

4. Conclusions

This study demonstrates that the combustion of biomass (water hyacinth, rice husk, bagasse, and
sawdust) exhibits distinct characteristics compared to sub-bituminous coal, particularly in terms of
volatile matter release, temperature distribution, and reaction rate. Analysis of the flame profiles reveals
a nuanced relationship between fuel composition and flame morphology. While a higher VM fraction
typically suggests an elongated flame, our results show a non-linear correlation. This is primarily
attributed to the competing effects of moisture and ash. The results of CFD numerical simulations with
Ansys Fluent indicate that biomass generally releases volatile matter at lower temperatures and with
higher intensity than coal, resulting in a wider, more turbulent, and more spread combustion zone
towards the top of the furnace. In contrast, coal tends to produce more localized combustion with a
narrower heat release.

Furthermore, the observed reduction in flame height with increased air velocity explains the lack of
a simple correlation between VM wt% and flame length. A fuel with high VM (like Bagasse) may
produce a shorter flame than a lower-VM fuel if the local air velocity provides more efficient mixing.
Thus, flame morphology is a product of both fuel chemistry (VM content) and burner aerodynamics (air
velocity). Our study demonstrates that flame length cannot be predicted by proximate analysis alone but
must be evaluated within the context of the furnace’s velocity field.

While this study provides valuable comparative insights into the flame behavior of diverse biomass
pellets, several limitations are acknowledged which offer opportunities for future research. For example,
the volatile matter combustion was modeled using a two-stage reaction of Eddy Dissipation Model.
Future studies could incorporate multi-step kinetics or Flamelet models to better capture intermediate
species and finite-rate chemistry effects. For the analysis parts, this study focused on steady-state flame
morphology. However, biomass combustion is inherently transient due to the stages of moisture
evaporation and char oxidation. Future work should involve transient simulations to capture these time-
dependent fluctuations. Also, the findings are currently based solely on numerical simulations. Future
investigations will prioritize the collection of experimental flame-imaging data (such as OH-PLIF or
high-speed photography) to validate the predicted flame-tip heights and temperature gradients.
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