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ABSTRACT

This study investigates the vertical temperature distribution, natural convection behavior,
and thermal performance of a biomass oven fueled by non-carbonized Kesambi leaf
briquettes. Temperature measurements were conducted at multiple vertical positions inside
the oven to characterize heat distribution and buoyancy-driven airflow during operation.
The results show a clear vertical temperature stratification, indicating that heat transfer
within the oven is dominated by natural convection without external airflow assistance.
Dimensionless analysis revealed Rayleigh numbers on the order of 10°-10°, confirming the
prevalence of buoyancy-induced convection, while the Nusselt number varied dynamically in
response to changes in temperature difference and operating conditions. The middle region
of the oven (50-60 cm from the base) consistently exhibited the most stable thermal
conditions, identifying it as the most effective zone for heat utilization and smoking
applications. The thermal efficiency of the oven ranged from 32% to 38%, with variations
primarily influenced by combustion intensity and transient heat losses through uninsulated
walls and the chimney. These findings demonstrate that non-carbonized Kesambi leaf
briquettes can provide stable heat output for biomass ovens and offer practical insights for
optimizing oven height, heating zomes, and design improvements in small-scale food
processing applications.

1. INTRODUCTION

Biomass ovens are widely used in households and small industries for smoking and drying food due to their low cost,
simplicity, and renewable energy utilization. Several previous studies have evaluated the efficiency and performance
of wood- and briquette-based biomass ovens (Kole et al., 2022; Marigo et al., 2022; Njenga et al., 2023). However,
studies specifically examining vertical temperature distribution and heat transfer mechanisms through natural
convection within a closed oven chamber are relatively limited, even though these aspects play a crucial role in
process stability and energy efficiency.

One of the main drawbacks of biomass ovens is uneven heat distribution, which can potentially reduce product
quality and increase energy consumption. This unevenness is influenced by airflow dynamics, burner configuration,
material thermal properties, and heating chamber geometry (Alvarez-Bermudez ef al., 2021; Hiron et al., 2025; Kiling
& Iskender, 2020). Therefore, analyzing temperature distribution and heat transfer patterns is crucial for understanding
oven performance and providing a basis for design improvements.

Meanwhile, the use of alternative fuels from kesambi (Schleichera oleosa) leaves and branches is gaining ground.
Various studies have shown that torrefaction-treated kesambi leaves possess potential biomass characteristics.
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Residence time affects thermal properties and carbon content, and branch particle size influences density, combustion
rate, and briquette performance. These findings demonstrate kesambi's potential as a competitive renewable briquette
fuel compared to other biomasses and are relevant for application in biomass ovens (Abineno et al., 2024; Dethan,
2024b, 2024a).

However, despite the increasing use of biomass ovens, the understanding of internal heat transfer mechanisms
under real operating conditions remains limited. In particular, experimental studies focusing on vertical temperature
stratification and natural convection behavior in closed biomass ovens fueled by non-carbonized briquettes are still
scarce. Therefore, this study aims to fill this gap by providing an experimental investigation of temperature
distribution and dimensionless heat transfer characteristics in a real biomass oven system. This research focuses on
analyzing vertical temperature distribution, spatial-temporal visualization of internal temperature, and heat transfer
characteristics through Nusselt and Rayleigh numbers in a biomass oven fueled by non-carbonized kesambi leaf
briquettes. In addition, the empirical correlation of Nu-Ra was also developed to describe the natural convection
mechanism and its thermal efficiency was evaluated, so that it can provide a real contribution to the optimization of
small-scale biomass oven design.

2. MATERIALS AND METHODS

This study was conducted to analyze natural convection behavior and thermal performance of a biomass oven using
non-carbonized Kesambi leaf briquettes as fuel. The experiment focused on measuring temperature distribution,
combustion duration, and fuel consumption to evaluate heat transfer efficiency under semi-controlled indoor
conditions.

2.1. Materials

This study used a closed-type biomass oven constructed from mild steel sheet with an internal combustion chamber
designed to support natural convection (Figure la, 1b). The oven body was made of mild steel plate (0.8 mm
thickness) and designed as a cylindrical chamber with an inner diameter of 57 cm and height of 88 cm. A lateral air
inlet (5 cm diameter) was located at the lower section, while a vertical exhaust chimney (20 cm height) at the top
allowed natural airflow circulation. Non-carbonized kesambi leaf briquettes (Figure lc, 1d) were used as fuel,
produced by drying, grinding, and compressing the leaves into a cylindrical shape. The Kesambi leaf briquettes were
produced from dried and ground leaves, molded under compression into cylindrical shapes with uniform size and
density. The average higher heating value (HHV) of the briquettes was 15.9 MJ/kg (Dethan & Lalel, 2024),
determined using a bomb calorimeter following ASTM D5865 standards.

Figure 1. Schematic of the biomass oven showing briquette placement, A. Temperature sensor positions at vertical distances of 0.4—
0.7 m; B. Combustion chamber view; C. Front view of the briquette; D, Briquette diameter
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2.2. Experimental Procedure

Heat was supplied indirectly through combustion of briquettes in a separate chamber. The combustion of non-
carbonized kesambi leaf briquettes occurred at the bottom chamber, physically separated from the smoking chamber.
No direct flame contact occurred between the heat source and the product. Thermal energy generated from combustion
was transferred upward into the oven chamber mainly by natural convection, driven by buoyancy forces due to
temperature differences between the lower and upper regions. In addition, secondary thermal radiation from the heated
oven walls contributed to the overall heat transfer inside the chamber.

Each combustion test used 0.5 kg of briquettes with an initial moisture content below 10%, achieved by oven-
drying at 105°C for 24 h. To monitor the temperature, a K-type thermocouple (accuracy +0.1°C) was used, connected
to a digital data logger. Digital data logger to record temperature every 15 min during a 135-min combustion period.
Additional instruments included a digital scale to measure fuel mass and a stopwatch to record combustion duration,
as wel as ambient thermometer for measuring room temperature before and during the test.

2.3. Dimensionless Number

The heat transfer inside the oven was characterized using dimensionless parameters, including the Nusselt number
(Nu), Grashof number (Gr), and Rayleigh number (Ra), which are commonly applied in natural convection analysis.
These parameters were calculated based on experimentally measured temperature differences and thermophysical
properties of air evaluated at the film temperature. The convective heat transfer coefficient (%) was not assumed to be
constant but was estimated dynamically at each measurement interval based on the experimentally measured
temperature difference (A7) between the oven air and the ambient environment. In this study, Nu and /4 was estimated
using an empirical correlation for natural convection (Bergman et al., 2017):

0.25
h =142 (%) (1)
Nu === ©)

where L is the characteristic length of the oven, and £ is the thermal conductivity of air. Since L and k remain constant,
variations in the Nusselt number arise exclusively from changes in 4, which are governed by the experimentally
measured temperature difference AT. Therefore, the variation of Nu reflects the dynamic response of convective heat
transfer to changing thermal driving forces, rather than an imposed or assumed relationship. In this study, Nu was
obtained from experimentally derived convective heat transfer coefficients (%), which were estimated based on
measured temperature differences between the oven air and the ambient environment.

The Grashof number (Gr) is a measure of the ratio of buoyancy to viscous forces in a fluid and and represents the
ratio of buoyancy forces generated by temperature differences to viscous forces resisting fluid motion. In the context
of this biomass oven, Gr quantifies the intensity of buoyancy-driven air movement within the oven chamber. Equation
(3) was used to calculate Gr.

9B (Ts ~Teo) L
Gr =L ®)

The Rayleigh number characterizes the overall strength of natural convection by combining buoyancy effects and
fluid properties and is defined by Equation (4). In this study, Ra was calculated independently from temperature
differences and thermophysical properties of air. This separation ensures that the Nu—Ra relationship reflects the
physical behavior of buoyancy-driven convection within the oven rather than a direct mathematical dependency.

Ra = Gr.Pr 4

Within the operating temperature range of 80—-100 °C, air behavior closely approximates that of an ideal gas.
Therefore, p = 1/T is considered valid with negligible error for the Grashof and Rayleigh number calculations,
consistent with the Boussinesq approximation commonly applied in natural convection analysis (Bejan, 2013;
Incropera & DeWitt, 2007). Thermophysical properties of air (p, Cp, k, v, B, a, and Pr) were evaluated at
representative mean temperatures within this range and are summarized in Table 1.
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Table 1. Air property data used in the calculations

Parameter Symbol  Value (80-100 °C) Unit Reference

Air density p 1.2 kg/mé  (Holman, 2010; Incropera & DeWitt, 2007)
Specific heat capacity Cp 1.005 kJ/kg-K  (Incropera & DeWitt, 2007)

Thermal conductivity k 0.026 W/m-K  (Holman, 2010)

Kinematic viscosity v 16.96 x 10-¢ m2/s (Incropera & DeWitt, 2007)

Thermal expansion coefficient B 1/350 = 0.00286 1K (Bejan, 2013)

Thermal diffusivity o 23.9 x 1076 m2/s (Holman, 2010)

Prandtl number Pr 0.71 - (Incropera & DeWitt, 2007)

Note: Thermophysical properties were evaluated at a representative film temperature of approximately 350 K.

Based on experimental measurements, the film temperature ranged between approximately 345 and 355 K;
therefore, a constant value of 350 K was adopted as a reasonable approximation. This simplification introduces only a
minor deviation in the calculated Grashof and Rayleigh numbers and does not affect the identification of the
convection regime or the overall interpretation of heat transfer behavior.

2.4. Thermal Efficiency

The thermal efficiency (1) of an oven is estimated by comparing the useful heat energy absorbed by the air inside the
oven with the total energy input from the fuel:

7 = 20U 5 100% (5)
input
where Qinpur = Mpyer- HHV  and Qoutpyur = Quir - Cp . AT with HHV = 15.9 MJ/kg as the higher heating value of
kesambi briquettes.

3. RESULTS AND DISCUSSION

The heat transfer process inside the biomass oven was governed by natural convection. No mechanical ventilation or
forced airflow was applied during the experiments. Air circulation occurred solely due to buoyancy forces generated
by temperature differences between the hot combustion gases and the surrounding ambient air. As the air inside the
oven was heated, its density decreased, causing it to rise vertically, while cooler air entered naturally from the lower
openings. The calculated Rayleigh numbers ranged from the order of 10® to 10°, which is significantly higher than the
critical Rayleigh number for the onset of natural convection. This confirms that buoyancy-driven flow dominated the
heat transfer mechanism. Therefore, the application of dimensionless parameters such as the Nusselt, Grashof, and
Rayleigh numbers is appropriate for evaluating the convective heat transfer characteristics of the oven.

3.1. Vertical Temperature Distribution

Temperature measurements were taken at four vertical points (40 cm, 50 cm, 60 cm, and 70 cm from the base of the
oven) to understand the dynamics of heat distribution during the smoking process. Figure 2 shows the temperature
variation over time at four height points in the biomass smoking oven. In the initial minutes (0—15 min), all points
show relatively uniform low temperatures, indicating that the oven is still in the preheating phase. After 15 min, the
heating pattern begins to differ across heights: the sensor at 40 cm experiences the fastest temperature increase,
followed by 50 cm, 60 cm, and 70 cm slowest.

The faster temperature increase in the lower zone of the oven (40-50 cm) is clearly related to its proximity to the
heat source (kesambi briquettes). This zone reaches a temperature range of 85—100 °C earlier than the upper layer.
Conversely, the sensor at 70 cm shows a significant delay in reaching the peak temperature, indicating a vertical
gradient due to limitations in natural convection and heat loss through the walls and chimney. After 60 minutes, the
temperature profile tends to stabilize. The 40—-60 cm zone forms a relatively homogeneous thermal layer at 90—-100 °C,
while the upper 70 cm zone remains cooler by about 5-10 °C. Small fluctuations occurring around the 105" to 135™
min can be attributed to decreased fuel consumption and heat loss to the environment.
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Figure 2. Temperature change over time at various heights in the smoking oven

This stratification phenomenon aligns with the characteristics of natural convection systems: hot air is pushed
upward by buoyancy, but some energy is lost before reaching the highest layer. Therefore, the 40-60 cm zone can be
identified as the optimal area for smoking, as it offers a stable and consistent temperature suitable for traditional
smoked meat cooking.

3.2. Nusselt Number Analysis

The dynamics of convective heat transfer during the smoking process are presented in Figure 3, which displays the
change in Nusselt number over time at various vertical positions within the oven. The Nu values obtained were in the
range of 80—103, reflecting the effectiveness of natural convective heat transfer throughout the heating cycle. Figure 3
shows the variation in Nusselt number over time at several vertical positions inside the biomass oven. Nu values
ranged from 80 to 103 and exhibited a fluctuating pattern throughout the heating process. In the initial minutes until
approximately 60 minutes, Nu tended to increase as the temperature gradient increased due to the intensification of
kesambi leaf briquette combustion. After passing the peak phase, Nu values began to decrease at most positions,
indicating a weakening of buoyancy and convective heat transfer as the energy supply from the fuel decreased.

The middle height of the oven (0.5-0.6 m) consistently showed higher Nu values than the lower and upper
positions, indicating that the middle zone is the region with the most effective convection. This pattern aligns with the
natural convection theory explained by (Incropera & DeWitt, 2007), which states that heat transfer intensity reaches an
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Figure 3. Nusselt Number over Time at Each Vertical Position
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optimum at a certain Rayleigh value before decreasing due to a diminishing temperature gradient. This behavior is
consistent with classical natural convection theory, where the strength of convection is strongly influenced by the
magnitude of the temperature gradient and fluid flow dynamics (Fan ez al., 2021; Wang ef al., 2021).

The enhanced convection in the lower zone is further supported by the formation of thermal jets and stratified
layers that promote vertical heat transfer (Wang et a/., 2021). Although convection remains the dominant heat transfer
mechanism, radiation can also influence Nu scaling under certain boundary conditions, albeit to a lesser extent (Urban
et al., 2020).

3.3. Nusselt-Rayleigh Number Correlation

Figure 4 presents the log—log relationship between the Nusselt number (Nu) and the Rayleigh number (Ra) obtained
during the biomass oven operation. At first glance, the near-perfect linearity observed in the plot may appear unusual.
However, it should be clearly emphasized that the Nu—Ra relationship presented in this study is not intended to
establish a new empirical correlation, but rather to verify that the experimentally derived parameters follow the
expected scaling behavior of natural convection systems.

In the present study, the Nusselt number was not measured directly but calculated from the convective heat transfer
coefficient derived from temperature measurements and fluid properties. Similarly, the Rayleigh number was
computed using the same temperature difference and thermophysical parameters of air. As a result, Nu and Ra are
inherently linked through their governing equations, which naturally leads to a strong power-law relationship when
plotted in logarithmic form. This behavior is consistent with classical natural convection theory, where Nu « Ra" with
n =~ (.25 for laminar buoyancy-driven flow (Bejan, 2013; Holman, 2010).

2.2 1

2.1

2.0 4

log (Nu)

1.9

1.8 T T T T T T 1
8.4 8.6 8.8 9.0 9.2 9.4 9.6

log (Ra)

Figure 4. Log-log relationship between Nusselt Number (Nu) and Rayleigh Number (Ra)

Therefore, the excellent linear fit observed in Figure 4 does not imply a flawless experimental correlation, but
rather confirms that the calculated parameters follow the expected theoretical scaling for natural convection. Similar
approaches have been reported in previous studies where dimensionless analysis was used to verify flow regimes and
dominant heat transfer mechanisms rather than to establish new empirical correlations (Fan et a/., 2021; Incropera &
DeWitt, 2007). To address this limitation and provide a more physically meaningful interpretation, the present study
places greater emphasis on experimentally driven relationships, such as the variation of Nu with heating time and
characteristic length (Figure 5), where Nu is derived from measured temperature gradients and system response. These
plots better reflect the actual thermal behavior of the oven and the influence of geometric parameters on convection
intensity.

Figure 5 illustrates the variation of the experimentally derived Nusselt number (Nu) with heating time for four
characteristic lengths (L = 0.4, 0.5, 0.6, and 0.7 m). All curves exhibit a similar trend, where Nu increases during the
initial heating period, reaches a peak at approximately 60—75 minutes, and subsequently decreases toward the end of
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Figure 5. Variation of experimentally obtained Nusselt number with heating time at different vertical positions

the combustion cycle. This behavior reflects the dynamic nature of natural convection inside the biomass oven, which
is strongly influenced by the temporal evolution of temperature gradients generated by briquette combustion.

At the early stage of heating, the increase in Nu corresponds to the intensification of buoyancy forces as the
temperature difference between the hot air and the surrounding environment becomes larger. During this phase,
stronger convective motion enhances heat transfer, resulting in higher Nu values. The maximum Nu observed in the
mid-heating period indicates the point at which the convective flow is most effective, coinciding with stable
combustion and sustained thermal stratification inside the oven chamber. Similar transient convection behavior has
been reported in natural convection enclosures and biomass-fueled systems, where peak heat transfer occurs before
fuel depletion reduces the driving temperature gradient (Fan et al., 2021; Incropera & DeWitt, 2007).

Although the same temporal pattern is observed for all characteristic lengths, slight differences in magnitude can
be identified. The L = 0.7 m configuration generally shows marginally higher Nu values compared to shorter
characteristic lengths, suggesting that a larger vertical scale promotes stronger buoyancy-driven circulation.
Conversely, the L = 0.4 m and L = 0.6 m cases display slightly lower Nu values, indicating more limited convective
development. These variations are consistent with natural convection theory, which states that characteristic length
directly influences the strength of buoyancy forces and flow structure within an enclosure (Bejan, 2013).

As heating progresses beyond the peak period, Nu decreases for all configurations. This decline can be attributed to
the reduction in heat release rate as the briquettes are consumed, leading to weaker temperature gradients and
diminished convective intensity. The convergence of Nu values among different characteristic lengths during the
cooling phase suggests that convection becomes less sensitive to geometric differences once the driving force weakens.

Taken together, the results shown in Figure 5 demonstrate that heat transfer in the biomass oven is governed by
transient natural convection that evolves with heating time and is moderately affected by characteristic length. These
findings confirm that the mid-heating period represents the most effective operating window for heat utilization, while
also providing experimental evidence that geometric scaling influences convection performance. This insight is
particularly valuable for optimizing oven height and loading position in practical smoking and cooking applications.

3.4. Oven Thermal Efficiency

The thermal efficiency of the oven, defined as the ratio of useful energy absorbed by the oven air to the total energy
released by the fuel, was found to vary between 32% and 38%. This variation is primarily attributed to temporal
changes in combustion intensity, temperature gradients, and heat losses during the smoking process. At the early stage
of operation, part of the supplied energy is consumed for heating the oven structure and establishing buoyancy-driven
airflow, resulting in lower instantaneous efficiency. As the combustion stabilizes and a more uniform temperature
distribution develops, particularly within the 40—60 cm zone, the fraction of energy effectively transferred to the oven
air increases, leading to higher efficiency values.
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Fluctuations in fuel combustion rate and briquette degradation over time also contribute to efficiency variation. As
the Kesambi leaf briquettes gradually burn, the heat release rate decreases, increasing relative heat losses through the
oven walls and chimney, especially in the absence of thermal insulation. Consequently, efficiency tends to decline
toward the later stages of operation. Similar efficiency ranges (25-40%) have been reported for uninsulated passive
biomass ovens, where heat losses exceeding 60% due to convection and radiation are common (Falciano ef al., 2022).

In this study, the total energy input was approximately 7.95 MJ, derived from 0.5 kg of briquettes. Heat transfer
inside the oven was dominated by natural convection and thermal radiation, which together accounted for a substantial
portion of energy transport to the oven air (Nguyen et al., 2022). The presence of a stable thermal zone between 40
and 60 cm enhanced heat absorption and retention, contributing to higher efficiency during steady-state operation.
Previous studies have shown that improving airflow distribution, combustion chamber geometry, and secondary air
supply can further increase thermal efficiency while reducing emissions and heat losses (Astete ez al., 2021; He et al.,
2022; Motyl et al., 2020). Therefore, the observed efficiency range reflects the combined effects of combustion
dynamics, natural convection development, and unavoidable thermal losses in an uninsulated biomass oven system.

4. CONCLUSIONS

This study confirms that heat transfer in the biomass oven is dominated by natural convection, as evidenced by
Rayleigh numbers on the order of 108-10° and distinct vertical temperature stratification. The middle zone (50—-60 cm)
was identified as the most thermally stable and effective region for heat utilization. The Nusselt number varied
dynamically with combustion conditions, indicating transient convection behavior, while the thermal efficiency ranged
from 32% to 38%, consistent with typical uninsulated biomass ovens. These results highlight the importance of
chamber geometry and thermal zoning in improving oven performance and provide a basis for design optimization in
small-scale biomass-based applications. From a practical perspective, these findings suggest that simple biomass
ovens fueled by locally available Kesambi leaf briquettes can be effectively used for smoking and cooking
applications, particularly when the load is placed within the identified optimal vertical zone.

Future work should focus on incorporating wall insulation and secondary air control to improve thermal efficiency
and reduce emissions. In addition, coupling temperature measurements with direct gas velocity or heat flux
measurements would allow a more comprehensive assessment of convective mechanisms. The integration of
numerical simulations with experimental data is also recommended to further clarify the interaction between
buoyancy, radiation, and oven geometry under different operating conditions.
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