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Received 8 September 2024 consistent heat distribution, resulting in ineffective energy usage and varying product
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temperature regulation. A total of 32 K-type thermocouples were meticulously
positioned within the oven to gather real-time temperature data, which was processed
through LabVIEW. CFD simulations revealed irregular heat distribution patterns,
especially at the rear of the oven. The temperature data obtained via Modbus
corroborated these observations, allowing for strategic modifications to enhance heat
distribution and minimize energy loss. The system achieved an impressive accuracy
rate of 98.89%, with a mere error margin of 1.11%, substantially elevating the oven’s
energy efficiency and briquette drying capabilities. This research clearly illustrates that
Keywords: the integration of CFD modeling with real-time data acquisition constitutes a powerful
Oven; Briquette; CFD; Cradle; Modbus method for optimizing the functionality of industrial heating systems.

1. Introduction

Briquette ovens are integral to the production of coconut shell charcoal briquettes, a major
export product for Indonesia, which produces over 17.1 million metric tons of coconuts annually.
With the rising demand for eco-friendly fuels, especially in Europe, the Middle East, and Asia, the
market for coconut briquettes is expected to grow at a CAGR of 6% by 2027. However, the production
process faces challenges owing to uneven heat distribution in biomass-fueled ovens, leading to
inconsistent briquette quality and inefficient energy usage. The variability of biomass fuels, such as
wood, exacerbates this issue, making it difficult to maintain stable temperatures throughout the
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oven. This results in temperature gradients where some areas are underheated while others are
overheated, causing non-uniform drying.

Nonetheless, relying solely on real-time data is insufficient to capture the intricate nature of heat
dynamics in expansive ovens. Computational Fluid Dynamics (CFD) simulations provide an
exceptional method for accurately modeling airflow and heat transfer. By combining CFD with real-
time data acquisition, we facilitate an in-depth analysis of heat distribution, empowering us to make
precise adjustments that significantly enhance energy efficiency and product quality.

Numerous studies have successfully showcased advancements aimed at enhancing the thermal
efficiency of biomass ovens, especially regarding consistent heat distribution and energy
optimization. Research conducted by Turhan et al.,, [1] and Ahn [2] introduced fuzzy-based thermal
control techniques that achieved an impressive 17.85% increase in energy efficiency over traditional
methods. Sheng et al., [3] underscored the critical need for optimizing hot air flow in biomass ovens
through Computational Fluid Dynamics (CFD) analysis. Furthermore, Smolka et al., [4] applied
mathematical models to refine heat distribution, revealing that airflow velocity significantly
influences heat uniformity in ovens. The combination of mathematical modeling and CFD for
optimizing heat distribution has delivered remarkable solutions for advancing the performance of
briquette ovens and biomass technology as a whole. Additionally, Sittiarttakorn and Boonto [5]
utilized CFD simulations and blower systems to enhance airflow in biomass ovens. Their findings
demonstrated that effective airflow management can substantially improve heat distribution
uniformity in industrial drying processes. Perkasa et al.,, [6] further reinforced the necessity of
integrating fuzzy logic control systems to sustain stable temperatures in biomass ovens, significantly
minimizing temperature variations, boosting energy efficiency, and elevating product quality.

Recent studies indicate that the application of nanofluids and design innovations in heat transfer
systems can significantly enhance thermal efficiency. For instance, the use of Al203 nanofluids in
shell and tube heat exchangers, as investigated by Abbood et al., [7] increased heat transfer efficiency
by up to 11.23%. Similarly, CNT nanofluids under laminar flow conditions exhibited an increase in
Nusselt number and a reduction in skin friction factor [8]. Additionally, the use of nanoparticles such
as Si02 and TiO2 in micro-tubular heat exchangers provided high efficiency without requiring an
increase in surface area [9]. In battery thermal management, Zuber et al., [10] emphasized the
effectiveness of Phase Change Materials (PCM) in reducing the maximum temperature of Li-ion
batteries, which holds potential for electric vehicles.

In addition to innovative materials, design modifications play a critical role. Arunkumar etal., [11]
demonstrated that chamfered turbulators in solar air heaters can enhance thermal efficiency factors
by up to 1.15. In HVAC systems, Isa et al., [12] highlighted the importance of dynamic control in iris
dampers to maintain indoor thermal comfort. Meanwhile, the use of corrugated twisted tape inserts
in heat exchangers, as explored by Kurhade et al., [13] showed significant improvements in Nusselt
number. Collectively, the integration of nanofluids, PCM, and innovative designs presents substantial
potential for advancing energy efficiency and thermal management across various applications.

The primary challenge presented by briquette ovens lies in their continuous operation lasting 48
hours, with temperatures meticulously set between 400C and 1000C in specific increments. Each
temperature stage requires different durations to prevent thermal shock to the briquette mixture.
This thermal shock can lead to inconsistent drying and ultimately compromises briquette quality.

This research is dedicated to optimizing heat distribution in coconut shell briquette ovens through
the integration of real-time data acquisition and CFD validation. By enhancing energy efficiency and
drying performance, this study successfully tackles operational hurdles, improves briquette quality,
and lowers production costs. The overarching objective is to bolster Indonesia’s standing in the global
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briguette market and facilitate the widespread adoption of biomass as a viable sustainable energy
alternative.

Energy management is a critical factor in the drying production process. Turbines can effectively
optimize fluid flow distribution [14]. In the context of briquette ovens, capturing the thermal
distribution system in real-time is vital. The significant issue arises from the extreme conditions
within the oven. Thus, wireless communication systems serve as an effective solution for monitoring
in such harsh environments [15], particularly in ovens operating at elevated temperatures.

1.1 Briquette Oven Technology: Current Designs and Energy Efficiency Issues

Briquette ovens have undergone remarkable improvements in energy efficiency, especially within
the biomass energy domain [16]. Conventional designs continue to grapple with uneven heat
distribution, resulting in variable briquette quality and heightened energy use. Research has
showcased a range of methods to address these issues. For example, Obi et al., [17] highlighted the
necessity for superior fuel combustion and precise heat regulation, while Bhattacharya et al., [19]
discovered that innovations in airflow design could decrease fuel usage by 30%. Abu-Jdayil et al., [20]
underscored the critical role of insulation in minimizing heat loss, and Sinha et al., [21] identified how
fuel variability influences temperature distribution [20]. Furthermore, Aukah et al., [22] illustrated
the success of optimized airflow systems in enhancing drying uniformity and briquette quality.

1.2 CFD in Heat Transfer: Use of CFD Simulations for Optimizing Temperature Control

Computational Fluid Dynamics (CFD) simulations have gained immense popularity and have
become an invaluable tool for thoroughly analyzing and optimizing heat transfer in a myriad of
industrial processes, which prominently includes the operation of briquette ovens. The intricate
details of airflow patterns, heat distribution across surfaces, and the complex temperature gradients
that exist within these systems can be meticulously modeled, thus providing an opportunity to
achieve significant enhancements in energy efficiency as well as ensuring the uniform drying of
materials. An exemplary study conducted by [22] demonstrated that through the application of CFD
technology, fuel consumption could be remarkably reduced by an impressive 15%, showcasing the
practical benefits of this advanced analytical approach. Furthermore, in another insightful research
effort by [16], it was shown that temperature uniformity within the systems was significantly
enhanced via the optimization of airflow, while [23] illustrated the profound impact that CFD
applications have on bolstering overall energy efficiency within these industrial applications.
Moreover, the various heat transfer mechanisms, which include conduction, convection, and
radiation, have been effectively modeled to facilitate a comprehensive analysis of the underlying
heat transfer processes, as evidenced by [24]. Generally speaking, the mechanisms governing
conduction heat transfer are based on Fourier's law, which describes the rate of conduction through
a material as expressed in Eq. (1). In this equation, g represents the heat flux vector measured in
watts per square meter (W/m?), indicating the rate at which heat is transferred across a unit area,
thereby providing clarity on thermal dynamics. The variable k signifies the thermal conductivity
measured in watts per meter per Kelvin (W/m-K), while the term VT denotes the temperature
gradient vector, illustrating how temperature varies in space. Lastly, the unit vectors i, j, and k
correspondingly align along the x, y, and z Cartesian coordinate directions, thus offering a complete
spatial representation of the thermal behavior within the system.

"n_ _ — a_T ﬂ 6_T
q" = —KkVT = k(lax+]ay+kaz) (1)
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Generally, the flow of convection heat transfer uses Newton's Law of Cooling, as in Eq. (2), where
the q" is convective heat flux (W/m3), h is convective heat transfer coefficient (W/m?K), Ts is surface
temperature (K), T, is fluid temperature far from the surface (K).

q" = h(Ts — Ts) (2)

The radiation heat transfer refers to the Stefan-Botlzmann law, as shown in Eq. (3), where the g"
is net radiative heat flux (W/m?), € is emissivity of the surface (dimensionless, O to 1), o is Stefan-
Boltzmann constant (5.67 x 107 W/m?-K*), Ts is surface temperature (K), Tsurr is surrounding
temperature (K).

q" = SO—(T;} _T;}urr) (3)
2. Methodology

The oven was modeled based on an existing design. To capture the real-time temperature
distribution, data acquisition was performed using a 32 K type thermocouple sensor with Modbus
communication. The temperature data in the oven were captured in real-time at temperatures
ranging from 35°C to 106°C with a data acquisition duration of 90 min. The results of this data
acquisition serve as a validation of the CFD simulation.

CFD simulations were performed using the Cradle CFD (Hexagon) program. This simulation is to
obtain a comprehensive picture in 2D related to the optimization of thermal distribution in the oven
by considering three variations of the blower position in the oven. There are three blower positions,
as shown in Figure 2. Alternative 1 is an existing condition in which the blower unit is placed above
the thermal source (bimass furnace). Alternative 2 occurs when the blower unit is installed between
the separators. Alternative 3 occurs when the blower unit is installed above the oven gate.

2.1 Model Oven Briquette

This study was conducted at PT. Arkelindo Bara Sejahtera, a coconut shell briquette producer in
Ciamis, Indonesia. Figure 1 shows the object of study, which was a 72-cubic meter briquette oven
measuring 4 x 3 x 6 meters. Figure 2 shows the hot airflow inside the oven. The oven had three main
parts. Biomass furnace, oven, and separator. The biomass furnace is a hot air generator with a source
of biomass, the oven is the main chamber of the oven for briquette drying, and the separator is a
device used to separate hot air from the main area and inlet to the biomass furnace.

The oven was modeled based on its existing design. To capture the real-time temperature
distribution, data acquisition was performed using 32 K-type thermocouple sensors with Modbus
communication. Testing was conducted at temperatures ranging from 30°C to 100°C. Heat
distribution optimization was attempted by placing blowers with VAWT turbines at three positions
inside the oven. CFD simulations using Cradle CFD (Hexagon) were applied to analyze and optimize
the blower placement.
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Fig. 1. 3D design of coconut charcoal oven Fig. 2. Alternative variations of blower position in
Briquette oven

2.2 CFD Simulation and Setup

In the simulation of thermal distribution inside a briquette oven, the method used involves the k-
omega SST turbulence model. This model was chosen because of its ability to handle fluid flows
involving laminar and turbulent regions simultaneously, which are commonly found in heat transfer
and combustion systems. To simulate the incompressible flow of combustion gases, a virtual fan was
used to model the airflow through the oven system. In addition, a no-slip boundary condition was
applied to the oven wall surface to model the effect of the boundary layer on the deceleration of
fluid flow around the wall. Discretization or splitting of the computational domain was performed
using the hexahedral meshing method on the main area of the simulation. For areas with more
complex geometries, such as parts with high curvature, polyhedral meshing is used, which is able to
better follow the shape of the object. The number of elements in the simulation reached 91,000,
which ensured sufficient resolution to obtain accurate results.

The simulation was run for several scenarios to observe the distribution of hot air within the oven
and identify areas where heat accumulation or loss occurred. In the CFD simulation setup, a virtual
fan is created at the inlet of the oven with a combustion fluid velocity of 5.5 m/s or 4.3615 m3/s.

In the CFD analysis of hot air distribution within a briquette oven, the three primary heat transfer
mechanisms—conduction, convection, and radiation—are modeled using their respective equations.
Conduction Eq. (1) simulates how heat moves through solid components such as the oven walls and
briquettes. Convection Eq. (2) describes how heat is transferred between the hot air and the surfaces
within the oven. Finally, the radiation Eq. (3) accounts for the radiative heat exchange between the
surfaces and the surrounding environment. Together, these equations allow CFD simulations to
accurately predict and optimize the heat distribution, ensuring efficient drying and energy usage in
briguette ovens.

3. Results
3.1 Meshing

Figure 3 presents a meticulously crafted hexagonal grid meshing generated through the advanced
capabilities of the Cradle Hexagon program, showcasing state-of-the-art computational modeling
technology. This sophisticated grid comprises a total of 91,000 individual grid meshing elements, a
deliberate choice made to ensure that computational results reflect flow dynamics and thermal
distribution with exceptional detail and accuracy that mirrors real-world conditions. Given the oven's
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vast dimensions, reaching an impressive volume of 72 cubic meters, it becomes crucial to employ a
meshing grid featuring larger elements, as this is essential for capturing intricate temperature
variations and complex airflow patterns within such a large space.

The hexagonal elements in this grid are uniformly distributed in size, significantly enhancing the
simulation's ability to quantitatively detect temperature gradients and analyze air circulation
patterns with high precision. This well-structured arrangement ensures that even more complex
areas, including smaller compartments located on the oven's right side, are accurately represented,
providing a comprehensive view of the thermal dynamics at play. The inclusion of a fine mesh in the
simulation results related to thermal distribution within this large oven dimension is vital, as it allows
the simulation to predict heat distribution with exceptional accuracy, a critical factor in achieving
maximum drying efficiency in briquette production. This carefully designed mesh facilitates a more
precise evaluation of temperature fluctuations across various volumes, especially in areas prone to
significant temperature variations and where optimal air circulation is urgently needed.

Within the confines of the oven, this intricate meshing system allows for the detection of
temperature changes ranging from the highest temperatures near the heat source to areas that
typically exhibit cooler temperatures, such as the upper corners of the oven. Furthermore, this tightly
integrated mesh plays a crucial role in analyzing airflow dynamics as it moves from the air inlet, across
the main compartment, and finally exits through the hot air outlet, effectively capturing temperature
gradients with high resolution that would otherwise be challenging to distinguish. Thanks to this high-
resolution meshing approach, computational fluid dynamics (CFD) data provide an exceptionally
detailed and comprehensive visualization of thermal distribution, which is absolutely essential for
informed decision-making regarding energy efficiency and the optimization of briquette drying
operations.

This advanced simulation is invaluable in its capacity to identify potential problem areas where
heat may become trapped or where uneven airflow could impede the drying process, thereby
offering crucial insights for improvement. In summary, this hexagonal mesh is meticulously
engineered to deliver thorough numerical analysis, laying a robust foundation for enhancing thermal
performance and achieving effective heat distribution within the briquette oven, ultimately paving
the way for improved operational efficiency and product quality.

Fig. 3. Mesh computation domain
3.2 Experimental Setup

The data acquisition of the hot air flow distribution inside the briquette oven involved 32 K-type
thermocouples. Thermal distribution observations are focused on two analysis perspectives: the
horizontal perspective and the vertical perspective. The horizontal perspective refers to the
observation of the thermal flow behavior in the horizontal area, as shown in Figure 4, and the vertical
perspective refers to the observation of the thermal flow in the vertical area, as shown in Figure 5.
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Thermal observations in the horizontal area were divided into four zones: 1H, 2H, 3H, and 4H. Each
zone represents the thermal flow characteristics with real-time data. observations from the vertical
perspective are divided into eight sections: zones 1V, 2V, 3V, 4V, 5V, 6V, 7V, and 8V as shown in
Figure 5. Each measurement zone is installed with a sensor pole, where each sensor pole consists of
four type-K thermocouple sensors, as shown in Figure 7. This is especially for zone 8V where thermal
sensing is installed horizontally at the thermal outlet, as shown in Figure 8.

All sensors involved in the oven, both in the horizontal and vertical zones, were then connected
to one Modbus module. The data cable distance from the sensors to the Modbus system was 10 m.
The data communication architecture from the sensor to the Modbus protocol-based monitoring
display is shown in Figure 6. The concept of data communication using Modbus allows data to be
transferred over long distances with good data quality. In addition, the temperature outside the oven
during data collection is quite hot, around 40°C to 55°C, so a sufficient distance is needed so that data
collection is not interrupted.
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The design of the sensor mounting position on the mast unit is shown in Figure 7. The sensor
mast was designed to be positioned to stand firmly in the measurement zone. Figure 8 shows the
design of the sensor mounting position on the horizontal pole. This sensor system is intended to be
installed in the X8 sensor measurement zone.
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3.3 Real-Time Data Acquisition with Labview on Modbus protocol

The Modbus protocol was used to integrate the network of thermocouples with the LabVIEW
software, enabling real-time data acquisition (Figure 9). This setup allowed for continuous
temperature monitoring throughout the briquette drying process, providing immediate feedback on
the heat distribution. The data were analyzed to identify any discrepancies between the CFD model
and actual oven performance, particularly in areas where temperature inconsistencies were noted.

In configuring LabVIEW for data acquisition using 32 K-type thermocouples with the Modbus
protocol, specific resource settings were applied to ensure proper communication. The baud rate
was set to 9600 bps (bits per second), with eight data bits, no parity, one stop bit, and no flow control.
Modbus RTU is used as the communication protocol with Master and Slave ID set to 1. The data were
read through the "Read Holding Register" function, and a timeout was set at 1,000ms. This
configuration allowed for smooth, real-time data acquisition from the thermocouples, ensuring
accurate temperature readings across the oven.

Fig. 9. Sensor data acquisition architecture with labview
The LabVIEW program in the image was divided into several key steps for Modbus

communication. (1) It begins with the initialization of serial communication using the VISA Resource,
where parameters such as the baud rate, parity, data bits, and stop bits are configured. (2) The
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Modbus RTU Master was then set up, assigning the slave ID to identify the specific device. (3) The
"Read Holding Registers" block reads data from addresses 0 to 31. (4) The retrieved data are stored
in the register variable for further processing or display, and the (end) is used to terminate the
communication process safely.

3.4 CFD result

The CFD simulation is displayed in 2D, which shows the thermal distribution prevailing in the
oven. Vertically, observations appear to show a thermal range from 35°C to 106°C. Figure 10, 12, and
14 show the thermal distributions inside the oven. Figure 11, 13 and 15 show the thermal flow that
occurs in the oven.
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Fig. 10. Thermal distribution of alternative-1 Fig.11. Thermal direction of alternative-1 (existing)
(existing)

Based on the CFD simulation results using Cradle software, Figure 10 shows uneven heat
distribution in the oven under alternative-1 or existing conditions. the hotter areas (82.8°C-100°C)
near the heat source and cooler zones (31°C—48.5°C) in the middle, indicating poor heat penetration.
Figure 11 highlights inefficient airflow, with heat accumulating in certain regions, while other areas
remain underheated, reducing overall heat uniformity. The airflow follows a path that limits the
mixing of hot air, particularly in the central and upper areas, which contributes to thermal
inefficiency.

The temperature distribution in the existing briquette oven, as shown by the CFD simulation,
varied significantly across its dimensions. Along the length of the oven, the hottest regions (82.8°C to
100°C) are located near the heat source at the rear, while the central and front sections remain
cooler, between 31.4°C and 48.5°C. In terms of height, the lower regions near the heat source
exhibited high temperatures; however, as the height increased, the temperature decreased
significantly, indicating inefficient vertical heat transfer. Along the width, the air distribution also
remains uneven, with the sides experiencing more significant temperature gradients than the center,
highlighting the need for optimized airflow to improve heat uniformity across all dimensions. This
simulation result shows a lack of uniform heat distribution throughout the oven's height, resulting in
uneven heating, especially at higher levels.

In Figure 12, the temperature distribution for alternative-2 shows a significant variation in heat,
with lower temperature regions (15.8°C-36.8°C) occupying most of the oven's upper left section. The
hottest regions (78.9°C-100°C) are concentrated near the bottom right, indicating uneven heat
spread across the oven.

Figure 13 depicts the airflow pattern, which highlights the poor circulation. Hot air does not
effectively reach the top-left section, leading to cooler temperatures. The airflow followed a
concentrated path, resulting in heat buildup near the heat source, but insufficient heat transfer to

35



Journal of Advanced Research in Numerical Heat Transfer
Volume 28, Issue 1 (2025) 27-42

other areas of the oven. This demonstrates the need for improved airflow strategies to achieve a
more uniform temperature distribution.

Tempertaturs [C] Temperature [C]
] .
350 55.0 120 89.0 106.0 350 55.0 720 89.0 106.0
Fig. 12. Thermal distribution of alternative-2 Fig. 13. Thermal direction of alternative-2

In Figure 14 (alternative-3), the temperature distribution shows that cooler regions (12.9°C-
34.7°C) dominate most of the oven's interior, particularly in the upper left corner, while the hottest
area (around 100°C) remains confined to the bottom-right section near the heat source.

Figure 15 illustrates the airflow direction, indicating a slightly improved circulation compared to
alternative-2. However, cooler zones persist in the top-left section, and hot air is not evenly
distributed throughout the oven. The airflow still failed to adequately circulate heat to all regions,
indicating the need for further optimization.

Based on the CFD simulations from the three alternatives, alternative-3 (Figure 14-15) shows the
most balanced airflow and temperature distribution compared to the others. Although there were
still some cooler areas, the overall heat distribution was more even, particularly in the central and
lower regions of the oven. The airflow direction in alternative-3 demonstrates better circulation than
the existing model, providing a more consistent transfer of hot air throughout the oven. To further
improve uniformity, airflow adjustments should focus on enhancing the distribution to the upper
regions. Therefore, alternative-3 is the best option for achieving a more uniform heat distribution for
briquette drying.

Owing to the CFD simulation, the flow from the heat source (biomass furnace) is assumed to be
homogeneous with a flow velocity of 5.5 m/s or in cubication is 4.3615 m3/s, so that other parts that
are not visible in the simulation are considered the same.
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Fig. 14. Thermal distribution of alternative-3 Fig. 15. Thermal direction of alternative-3
3.5 Temperature capture with sensor system
The capture of temperature inside the oven was carried out by installing eight units of sensor

poles, each consisting of four sensors, as shown in Figure 7 and Figure 8. Figure 16 shows the position
of the sensor unit mounted on the support pole. This configuration follows the design shown in Figure
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7. Thermal data acquisition was carried out by installing the sensor pole with the formation, as shown
in Figure 5, and the temperature in the biomass furnace was set within a temperature range of 40°C-
150°C which was maintained gradually for 90 min.

Sensor Xn. 1

Sensor X2 ;
Sensor X6.1 Sensor X5.1
o

| |
A,
Sensor X5.2 |
===
i 1 Sensor X5.3
' 30nsor X8 L

Flg 16. Sensor conﬁguratlon on Fig. 17. Configuration of placing the sensor unit in the
the support pole briquette oven

3.6 Domain zona Horizontal measurement result

Figure 18 shows the thermal capture in zone 1H or the top (see Figure 4). The results of thermal
data acquisition in real-time show that the data of all sensors do not vary too much or tend to be
homogeneous, with a maximum thermal temperature reaching 95°C—-103°C. Sensor X7.1, which is
located in the middle area of the upper oven, indicates a lower thermal with a maximum temperature
reaching 90°C. It can be concluded that the upper area of the oven from zone 1H, based on Figure 4,
experiences a homogeneous thermal distribution except for the center.

Figure 19 shows the thermal distribution in the 2H zone area based on Figure 4. The results of
thermal data acquisition show that all sensors tend to be homogeneous, with maximum thermal
temperatures reaching 95°C—100°C. Sensor X7.2, which is located in the middle area of the oven,
reaches a maximum temperature of 90°C. These results show thermal distribution characteristics
that resemble the results of the zone 1H measurements (Figure 18).

Figure 20 shows the results of the data acquisition in zone 3H. The thermal distribution data
tended to be inhomogeneous. Sensor X4.3 shows the highest temperature reaching 106°C, while
sensor X7.3 shows the lowest temperature reaching 90°C. and sensor X1.3, sensor X2.3, sensor X3.3,
sensor X5.3, and sensor X6.3 show the same temperature that tends to reach 95°C maximum. These
results indicate that the thermal distribution in zone 3H has characteristics in which high
temperatures tend to be dominant on the right wall of the oven (sensor X.4.3). and low temperatures
tended to be dominant in the middle area (sensor X7.3), and the rest were homogeneously at 95°C.

Figure 21 shows the capture of the thermal distribution at the bottom or zone 4H. It appears that
the high temperature is dominant in sensor X8, located at the thermal outlet (see Figure 5), with
temperatures reaching 110°C. while the temperature in the biomass furnace reaches 120°C, meaning
that there is a thermal loss of 30°C wasted in the furnace and tunnel area. High temperatures are
also dominant in sensor X4.4 which reaches 105°C. Temperature variations between 98°C to 80°C are
scattered on other sensors.
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The results of thermal temperature data acquisition in the oven show that the upper area in the
oven chamber (zones 1H and 2H) has a homogeneous temperature, although the middle part has a
lower temperature. Low temperatures were also dominant in the lower area of the oven chamber
(Zones 3H and zone 4H). The highest temperature was detected at sensor X8, which was exposed at
the thermal outlet. From all real-time data acquisition experiments with a duration of 90 minutes

and a thermal flow rate of 5.5m/s, it appears that the maximum thermal temperature is reached
from 10 minutes to 20 minutes.

3.7 Domain Zona Vertikal Measurement Result

The analysis of Figures 22-29 reveals the vertical distribution of hot air flow in each zone from 1V
to zone 8V acquired by sensor units X1 to X8. The temperature levels are separated by height with a
distance of 50 cm, as shown in Figure 7. The results of this data acquisition were an observation of
the thermal distribution performance from a vertical perspective.

Figure 22 shows the temperature capture in zone 1V by sensor X1. It appears that the
temperature around the pole of sensor X1 is homogeneous. The average temperature is 74.12°C, and
the maximum temperature reaches 95.3°C at 20 minutes. While Figure 23 shows the temperature
capture from sensor X2, it appears to show a homogeneous temperature at the top (sensor X2.1-
sensor X.2.3), whereas the temperature at 50 cm (sensor X2.4) above the floor appears lower. The

average temperature at sensor X2 is 73.6°C and the maximum temperature reaches 94.8°C at 10 to
20 minutes.
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Figure 24 shows the temperature capture at zone 3V by sensor X3. It appears that the
temperature behaves homogeneously at all sensors, but at sensor X3.4, it is lower. This result
indicated that the temperature at the bottom of the oven tended to be lower. The average
temperature is 73.99C and the maximum temperature is 96.2°C. Figure 25 shows the temperature
capture in zone 4V by sensor X4. It appears that the thermal distribution is not homogeneous, with
insignificant variations. The average temperature is 77.5°C and the maximum temperature is 102.7°C.

110 110

100 100

30

w— S rv0r X4, 1
w—Serwor X4.2
an

—Sensor X4.3

w—Gensor X4.4

Temperature (*C)

Tampaeratura (°C)

0 10 20 30 &0 s0 60 70 80 20 o 10 20 330 &0 50 60 70 80 0

Time [Minute) Tirmse {Minute)
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Figure 26 shows the thermal temperature capture at zone 5V from sensor X5. The average
temperature detected was 74.3°C, while the maximum temperature reached 95.6°C. it appears that
the four sensors (X5.1, X5.2, X5.3) show homogeneous data around 98°C, while sensor X5.4 shows a
lower temperature value of 90°C. It can be concluded that the capture temperature at the bottom
was lower than that at the top.

Figure 27 shows the temperature capture in zone 6V by sensor X6. It appears that the thermal
distribution tends to be homogeneous with insignificant variations. The average temperature is
75.9°C and the maximum temperature reaches 98.6°C. It is concluded that in zone 6V, there is a
homogeneous thermal distribution.
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Figure 28 shows a varied thermal distribution. It appears that sensor X7.4 has the highest
temperature, reaching 100°C. while sensors X7.2, X7.3, and sensor X7.3 seem homogeneous. The
average thermal temperature is 69.7°C, and the maximum temperature reaches 92°C. This means
that the temperature at the bottom of sensor X7 was higher than that of the top sensor.

Figure 29 shows high and homogeneous temperature data for sensors X8.2, X8.3, and X8.4,
reaching a maximum temperature of 115°C, while sensor X8.1 shows a lower temperature, reaching
100°C. The position of sensor X8.1 is on the right (Figure 8).
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Fig. 28. Temperature capture on zone 7 (sensor X7)  Fig. 29. Temperature capture on zone 8 (sensor X8)

In Figures 28 and 29, the data show that Sensor X7, located in the center of the oven, exhibits a
more balanced temperature profile compared to sensors positioned on the walls. This indicates that
the middle of the oven experienced a more stable and averaged temperature. On the other hand,
Sensor X8, placed at the hot-air outlet, captures temperatures indicating the heat leaving the oven.
The consistent readings from Sensor X8 suggest that the heat is being efficiently evacuated, although
the overall distribution inside the oven remains uneven.

The analysis of Figures 22-29 reveals that the oven's thermal distribution system is not
functioning optimally, especially in the center area. Sensors on the right side consistently recorded
higher temperatures than those on the left side, indicating uneven heat distribution across the oven.
Additionally, the vertical heat distribution shows temperature variations, with higher temperatures
near the bottom. The central sensor (X7) reflects relatively balanced conditions, but overall, the
system needs improvements, particularly in airflow control on the left side and at higher levels, to
achieve a uniform temperature distribution and efficient briquette drying.
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4. Conclusions

The study results that the ovens with existing designs show uneven thermal distribution, which
causes poor oven performance. Real-time measurement result indicates that the thermal distribution
within the oven is more homogeneous on the left wall (sensor X1, sensor X3, and sensor X5) than on
the right wall (sensor X2, sensor X4, and sensor X6). The middle part was found to have a lower
temperature (sensor X7). Horizontally, the upper sections of the oven showed better heat uniformity
than the lower sections. Data acquisition using the Modbus protocol and 32 thermocouple sensors
successfully captured detailed and accurate temperature readings. The CFD analysis provided
comprehensive insights into both the heat distribution and airflow direction. Both real-time data
acquisition and CFD simulations aligned well, with alternative 4 emerging as the best design, offering
the most uniform thermal distribution, particularly in the 35°-106°C range. Of the three alternative
blower placement proposals, the CFD simulation results show that alternative 3 shows a more even
thermal distribution than alternative 1 or alternative 2.
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