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The process of drying briquettes in an oven is very costly due to the amount of fuel,
labor, and drying time required. Furthermore, inadequate air circulation also results in
an uneven and ineffective drying process for briquettes. The performance of the
briquette drying oven can be improved by changing the geometry of the perforated
plate in the oven to optimize the air distribution. This research process was conducted
through Computational Fluid Dynamics (CFD) simulations using Ansys Fluid Flow
(Fluent) software by testing three different perforated plate geometries in the oven to
determine their effect on the air distribution that occurred in the oven. The research
findings indicate that the temperature, velocity, pressure, and airflow pattern of the
air are all considerably impacted by the incorporation of perforated plates into the
first, second, and third geometries of the oven. When compared to the original
geometry, the average air temperature in ovens using the first, second, and third
geometries increased by 6.86%, 7.38%, and 9.15%, respectively. Average air velocity
increased by 226.04%, 235.77%, and 431.60% in ovens with the first, second, and third
geometries. However, the air pressure in ovens with the first, second, and third
geometries decreased by 11.05%, 8.62%, and 10.66%. The use of perforated plates on
the right, back, and left sides in an oven with the third geometry is the best geometry
produced in this research. This happens because this oven produces the most even
airflow pattern in the oven compared to other geometries. In addition, the oven with
the third geometry has the highest average temperature and average air velocity, with
a lower average air pressure compared to the other geometries. Consequently, drying
is more effective and takes less time.

1. Introduction

Biomass energy sources continue to increase in terms of use and development. Biomass energy
can come from plantations, agriculture, and so on. With proper processing, biomass can be utilized
as charcoal and used as an alternative fuel for making briquettes [1]. Some of the raw materials for
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briquettes from agricultural and forest materials include coconut shell, coconut shell, rice husk,
sawdust waste, and many more. Indonesia as a large coconut shell producing area, coconut shell
waste can be optimally utilized so that the added value of coconut shell waste increases [2]. In this
regard, PT Arka Tama Indonesia is present and engaged in maximizing the utilization of widespread
biomass energy, especially in the use of coconut shell biomass and firewood as the main ingredients
in the processing and production of briquettes made from coconut shell charcoal.

In general, the process of making briquettes includes crushing, mixing, blending, pressing, and
drying [3,4]. Drying is a mass transfer process that entails the elimination of water or another solvent
through evaporation from a solid, semi-solid, or liquid substance [5-8]. As one of the producers of
wood charcoal and coconut shell charcoal briquettes, PT Arka Tama Indonesia uses a wood-fired oven
as a tool to dry its briquettes. However, there are several obstacles experienced in the briquette
drying process, such as uneven air distribution, long drying time, high fuel and electrical energy usage,
and unevenly dried briquettes in one drying process. Many briquette factories use firewood as fuel
for the drying process, instead of electricity or gas to reduce production costs. Firewood is now priced
at a cost thatis 4, 5, and 6 times lower than diesel, gas, and electricity, respectively [9]. PT Arka Tama
Indonesia's production process for coconut shell charcoal briquettes necessitates a drying duration
of 3-4 days. Increasing the duration of drying results in an elevated production cost [10,11].
Furthermore, the extended drying duration will result in a reduction in the production capacity of
briquettes. Drying briquettes inefficiently will increase costs and extend the production time of
briquettes, so a dryer is needed that is able to dry briquettes efficiently [10,11].

The internal geometry of the oven has a significant impact on the efficiency of the oven. Different
internal geometries will cause different flow patterns and flow velocities of the high temperature air
entering the oven chamber, which can change the temperature distribution in the oven drying
chamber resulting in different drying times [12]. According to Ngo et al., [13], oven temperature
distribution and heating time can be optimized by changing the geometry and position of the
perforated plate in the oven. The perforated plate can affect the velocity and direction of fluid flow
in the oven, so the flow pattern will also be affected. Perforated plates can enhance the evenness of
temperature in the oven by decreasing the standard deviation of the average velocity of hot fluid and
reducing the time required for heating [13]. Additionally, it can lead to higher hydraulic losses,
causing a decrease in the average velocity and promoting the uniformity of the velocity field [14].
Furthermore, where the perforated plate is placed in the channel can change the flow, so changes
need to be made to get a good agreement in terms of pressure drop and velocity distribution [15].
The results of the drying process on the oven box are influenced by the air velocity. The rate of the
temperature changes and the airflow pattern within the oven box are influenced by the amount of
air being supplied and the presence of orifice plates, which have a substantial impact on the flow
pattern [16]. Dhanuskar et al., [17] demonstrated through computational fluid dynamics (CFD)
simulations that a consistent temperature distribution could be attained by altering the geometry of
the oven; the perforated inlet affects both the temperature and air pressure distributions. The
investigation carried out by Diaz-Ovalle et al., [12] utilized computational fluid dynamics (CFD)
simulations to ascertain that the configuration of oven baffle plates, including square, rectangular,
and round, exerted a substantial influence on temperature distribution, pre-heating time, and oven
internal temperature. The plate configuration featuring the most substantial diameter of the opening
exhibits the highest level of oven performance.

Tomi¢ et al., [18] found that heat exchangers with perforated plates have the highest heat
transmission when using a plate with a 0.1 porosity and 1 mm hole diameter. The research by Li et
al., [19] showed that the thickness of the perforated plate has a big effect on how heat moves through
a flame that starts from a mixture of hydrogen and air. The apertures in the perforate plate utilized
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in this investigation have a diameter of 2 mm and a thickness of 40 mm, 80 mm, and 120 mm,
respectively. Their findings showed that using perforated plates with an 80 mm thickness significantly
accelerated fluid flow, with the heat moving through the perforated plate being the primary cause
of this acceleration. Raju et al., [20] conducted research to determine the impact of perforated plate
utilization in a heat exchanger on flow friction and heat transfer. Numerical research was conducted
by manipulating various parameters, including plate thickness, distance between plates, diameter of
holes, and arrangement of perforated plate holes, while positioned between two plates. It can be
concluded from the simulations that the parameters of the perforated plate geometry have a
significant impact on the hydrothermal behavior.

Numerous experimental and computational investigations have demonstrated that the utilization
of perforated plates in ovens can enhance the efficiency of the drying process. However, the use of
perforated plates to improve drying performance in ovens for the drying process of coconut shell
charcoal briquettes has not been widely studied. Therefore, the purpose of this study is to determine
the effect of perforated plate geometry on thermofluid characteristics, which include temperature
distribution, velocity, airflow pattern, and air pressure in the briquette drying oven. This study is
necessary due to the significant drawbacks encountered during the briquette drying process,
including prolonged drying duration, higher labor expenses, and excessive fuel use. The design of the
briquette drying oven in this study is based on the existing biomass-fueled coconut shell charcoal
briquette drying oven owned by PT Arka Tama Indonesia, which is located in Rawamerta District,
Karawang Regency, West Java, Indonesia. The present study utilized ANSYS Fluent 2022 R1 to conduct
computational fluid dynamics (CFD) simulations. CFD simulation offers an affordable, efficient, and
cost-effective alternative to manual analysis in manufacturing processes, such as drying briquettes
using biomass-fueled ovens, enhancing efficiency, reducing emissions, and improving product quality
[21,22].

2. Methodology
2.1 Simulation Data

Before the simulation process, it was necessary to take experimental data on the tool in the form
of geometry and dimensions of the oven, temperature in the combustion chamber as a heat source,
and temperature in the oven room to enter the temperature value in the setup process later. The
Arka Tama factory's briquette drying oven was built using iron plate for the frame, body, and furnace,
and stainless steel for the perforate plate (Table 1).

Table 1

Oven materials and sizes

Parts Materials Size Thickness (mm)
Body Iron plate 3x4x2 m 1.5

Heat insulation Glasswool - 50

Furnace Iron plate 50x50x70 mm 3

Large inlet pipe Iron pipe 8 inch 15

Small inlet pipe Iron pipe 4 inch 10

Perforated plate Stainless @20 mm 1.5

Dimensional measurements were made using a meter and obtained dimensionsof 3m x4 m x 2
m (length x width x height) and had two doors on the front side. The oven body was made of iron
plate coated with glasswol (heat absorbers), then for the combustion furnace made of iron and iron
pipes in the inlet channel with a diameter of 4 inches and 8 inches with a thickness of 15 mm. The
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biomass oven operated using firewood fuel. The temperature was measured using a thermometer
that had been installed in the oven to determine the temperature in the oven during the briquette
drying process. From these observations, the temperature of the combustion chamber (heat source)
was 200°C, while the temperature inside the drying chamber near the front wall was 90°C. According
to research by Araujo et al., [23], a sufficiently high airflow velocity at the inlet will affect the drying
rate where it can change the air distribution and shorten the drying time. Then from the simulation
results, a velocity of 2 m/s can provide the best temperature distribution [24].

2.2 Oven Geometry Design and Meshing Process

The design of the biomass-fueled briquette drying oven was made using Autodesk Inventor
Professional 2022 Students Version software which was then exported in .STP format and inputted

into ANSYS Fluid Flow (Fluent) software for further simulation (Figure 1).
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Fig. 1. Briquette drying oven design (mm)

The design of the oven that had been made using Autodesk Inventor Professional 2022 software
was then entered into ANSYS Fluid Flow (Fluent) 2022 R1 software for further meshing and simulation

processes.

In the mesh step, mesh refinement can be done if needed in several ways such as changing the
element size, adding mesh sizing and mesh method to the selected oven part, and by setting the
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minimum curvature size. The quality of the meshing results was seen with the skewness mesh quality
matrix method to determine the quality of the elements formed from the meshing process. In
addition, an independent mesh study was conducted with different element sizes and number of
elements and the skewness quality was compared. If the mesh quality had shown good results and
there was no significant change in quality, the mesh variation can be selected for validation. The
meshing validation process was done by comparing the simulated data using several mesh variations
using a mesh with acceptable skewness quality. The named selection process was carried out on
certain parts of the oven design according to simulation needs so that it would facilitate the
determination of boundary conditions in the setup process later. The named selection process was
carried out on several parts such as the cross section of the air inlet, fluids, and outlet. The air inlet
cross section had a size of 50 x 50 cm or an area of 0.25 m?2,

2.3 Simulation Setup

The setup process was part of setting or determining the conditions of the model to be simulated.
This process was carried out to define the process, parameters, and enter engineering data so that
the simulation run according to the desired conditions. In CFD simulation, setup was done to define
how the simulation will be run. Based on research by Edirisinghe et al., [25], the treatment in the
setup is organized with the following details:

i.  Time is set to steady because the simulation is done to see the temperature distribution that

is not limited to a certain time.

ii.  The solver type is pressure based.

iii.  Gravity parameter is enabled, and the value is set to -9.81 m/s.

iv. Energy is set on to facilitate heat transfer and temperature changes throughout the
computational domain.

v.  The walls and other parts of the oven are set to radiant heat transfer mode. Meanwhile, the
perforated plate is set to adiabatic mode.

According to Park et al., [26], radiant heat transfer is set using the Discrete Ordinates (DO) model
which is better at solving the radiant heat transfer equation over several angles related to the airflow
direction. Then, turbulent modelling uses the k-omega SST model because the model combines the
advantages of the k-Epsilon model which is suitable for free stream flow distance from the wall and
the advantages of the k-omega standard model, which is suitable for flow near the wall area, so that
the k-omega SST model is more flexible according to the distance of fluid flow from the wall. The
setup is opened by activating double precision, then in the boundary conditions, the inlet is set as a
mass flow inlet while the outlet is set as a pressure outlet with a gage pressure value of 0 (zero) or
equal to atmospheric pressure. N The absolute pressure value at the inlet cross section is determined
by the density value (p) of air at sea level through the following equation.

P = pRT (1)

So that the absolute pressure value at (inlet) with a temperature 200°C (473.15°K) is obtained
through the following calculation.

k
P = 1225 —% % 286.9]/kg.K x 473.15°K
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P =166289.75 Pa

With an absolute pressure value of 166289.75 Pascal, the gauge pressure value at the inlet is
determined by reducing the absolute pressure value to the atmospheric pressure value.

Pg =P —Po )
Pg = 166289.75 Pa — 101330 Pa
Pg = 64959.75 Pa

so that the initial gauge pressure value at the inlet is set at 64959.75 Pascal. Then, the mass flow rate
value at the inlet is set according to the following calculation.

= pVA (3)
. kg m
m = 1.225 —% X 2— x 0.25 m?
m S
k
= 0.6125?‘9

So, that the mass flow rate at the inlet cross section is set to a value of 0.6125 kg/s with an inlet air
velocity of 2 m/s.

2.4 Geometry Variation of Perforated Plate Briquette Drying Oven

In this study, three variations of the first, second, and third perforated plate geometry were made
with different plate positions and hole positions as shown in Figure 2.

The first geometry variation was modeled using one side of a 1.5 mm thick perforated plate on
the right side of the drying chamber with a total of 108 holes and a diameter of 50 mm. The second
geometry variation was modeled using two 1.5 mm thick perforated plates on the right and back of
the drying chamber with a total of 108 holes and a diameter of 50 mm divided into 54 holes per side
(right side and back). While the third geometry variation was modeled using three 1.5 mm thick
perforated plates on the right, back, and left side of the drying chamber with a total of 108 holes and
a diameter of 50 mm divided into 36 holes per side (right, back, and left side).
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Fig. 2. Geometry of (a) first, (b) second, and (c) third perforated plates

2.5 Data Collection Technique

The data collection process was carried out by taking measurements and simulations to collect
the required data. After collecting all of the data, it was gathered and evaluated to complete the
study's objectives. Direct measurements were taken at the oven to collect air temperature data at
two points, namely in the wood biomass combustion furnace room and in the briquette drying room
which was located close to the front wall of the oven. Data regarding the measurement of the
distribution of air temperature, air velocity, and air gauge pressure in the oven was determined by
adding eight measurement points that served as measurement positions for air temperature, air
velocity, and air gauge pressure to be analyzed and compared for distribution (Figure 3). The data
that had been obtained and analyzed was then presented in the form of tables, figures, and
descriptions in the form of explanations to explain the simulation results data.
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3. Results and Discussion
3.1 Mesh Independent Study

A mesh independent study is conducted to determine the meshing with the right settings and
obtain the optimal mesh size and solution [27]. By performing variations such as element size, mesh
guality can be divided into fine mesh and coarse mesh or into several other parts as needed.

If the difference in simulation results between mesh variations is small, then the simulation can
be carried out using a mesh with optimal quality for the computing power and time reached by the
computer.

From the Table 2, nine mesh experiments were conducted using different element sizes with their
respective qualities. However, a small element size with a larger number will make the simulation
process heavier on the computer, so a larger element size with a smaller number of elements can be
selected to reduce the simulation load.

Table 2
Independent study mesh result data
Element size  Curvature min  Number of  Skewness

(mm) size (mm) elements average
300 25 552972 0.28615
280 24 591133 0.28567
260 23 637623 0.28206
240 22 688007 0.27806
220 21 750229 0.27435
200 20 832774 0.27280
180 19 933843 0.26764
160 18 1078033 0.26410
140 17 1286464 0.26023
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3.2 Mesh Validation

Figure 4 depicts the measurement points conducted directly in this study. Point 1 depicts the
wood biomass combustion chamber or furnace within the oven. Point 2 illustrates the oven area
specifically designated for dry briquettes. The mesh validation process in this study employs the
original oven geometry utilized by PT Arka Tama Indonesia. The original oven utilizes a perforated
plate positioned on the right side of the drying chamber, with a hole diameter of 20 mm.

Mesh validation is performed by assessing the number of meshes derived from the findings of
the previously conducted mesh-independent investigation.

Mesh validation is conducted to verify that the mesh settings and techniques employed are
suitable and produce minimal error compared to the experimental measurement data. Figure 5
illustrates a comparison of temperature values obtained through direct measurement with the
findings obtained through simulation. The temperature in the oven room is measured to be 90°C.
The simulation, which closely matches this temperature, is achieved utilizing 832774 elements and
results in a temperature of 87.161°C (Figure 5(a)). The study's findings indicate that the temperature
measured in the furnace oven is 200°C. The simulation results indicate that when the number of
elements of 750229, 832774, 933843, and 1078033, the temperatures obtained are approximately
200 °C (Figure 5(b)). According to the results of this study, the number of elements 832774 provides
the lowest average error when compared to the other numbers of elements. The average error
resulting from the utilization of the number of elements, 832774, is 1.577%. Furthermore, the
simulation process will use a mesh with a size of 200 mm and a number of elements of 832774.
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The name selection process in the boundaries is shown in Figure 6. The form of giving names is
carried out on certain parts of the oven design according to the needs of the simulation. In order to
determine boundary conditions in the setup process later, the named selection process is carried out
in several parts, such as the air inlet cross section (inlet), fluids, and outlet.
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3.3 Air Temperature Analysis

Figure 7 shows the contours of the air temperature distribution that occurred inside the oven
chamber using the original oven geometry and the three perforated plate geometry variations.

(b)

(d)
Fig. 7. Air temperature distribution contours at the bottom of the oven with (a)
original geometry, (b) 1st geometry, (c) 2nd geometry, and (d) 3rd geometry
viewed from the top side of the oven

The simulation results show a difference in air temperature distribution in the oven. In all oven
models, the temperature distribution shows that air close to the perforated plate produces higher
temperatures. While the air further away from the perforated plate has a lower temperature. The
perforated plate rapidly absorbs heat from the heating element and subsequently emits it into the
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surrounding air through radiation. Consequently, the air close to the perforated plate exhibits a
raised temperature.

Figure 8 displays the air temperature at eight designated measurement points. The investigation
findings indicate that the original oven recorded a minimum temperature of 62.483°C, a maximum
temperature of 84.859°C, and an average temperature of 74.093°C. The first geometry oven
generated the maximum temperature recorded, which was 91.275°C. In the first geometry oven, the
minimum and average temperatures recorded were 62.518°C and 79.172°C, respectively. When
perforated plates were used in the first geometry oven, the maximum, average, and minimum
temperatures all increased in comparison to the original oven. The highest temperature, average
temperature, and minimum temperature in the first geometry oven all increased by 7.56%, 6.86%,
and 0.06%, respectively, according to the findings of this study.

o—Geometry | —e=Geometry 2 Geometry 3 =—e=QOriginal
100

80

60

40

20

Air Temperature (°C)

1 2 3 - 5 6 7 8

Measurement Points
Fig. 8. Graph of air temperature at eight measuring points

The highest temperature recorded in the second geometry oven was 89.281°C. The second
geometry oven obtained minimum and average temperatures of 66.251°C and 79.562°C,
respectively. When perforated plates were used in the second geometry oven, the maximum,
average, and minimum temperatures all increased compared to the original oven. Maximum,
average, and minimum temperatures in the second geometry oven rose by 5.21%, 7.36%, and 6.03%,
respectively, according to the results of this study. Furthermore, in the third geometry oven, the
maximum temperature recorded was 91.607°C. The minimum and average temperatures recorded
in the third geometry oven were 70.893°C and 80.869°C, respectively. Perforated plates in the third
geometry oven increased the maximum, average, and minimum temperatures compared to the
original oven. The findings in this study show that the maximum temperature, average temperature,
and minimum temperature in the third geometry oven increased by 7.95%, 9.15%, and 13.46%,
respectively. The results of this study show that the use of perforated plates has a significant
contribution to increasing the average temperature in the oven. In the original, first geometry,
second geometry, and third geometry ovens, the average temperature inside the oven was 74.093°C,
79.173°C, 79.562°C, and 80.869°C, respectively. The oven with the third geometry had the highest
average temperature. According to Horuz et al., [28], higher air temperature in the drying equipment
will accelerate the heat transfer process in the dried material, so that the material will dry faster.
Higher air temperatures lead to an accelerated rate of water evaporation from the product. As a
consequence, the drying process is accelerated [29-31].

In addition, the use of perforated plates makes a significant contribution to the temperature
difference in the oven. This temperature difference is calculated based on the difference between
the maximum and minimum temperatures in the oven. The findings in this study show that the
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temperature differences in the original, first geometry, second geometry, and third geometry ovens
are 22.376°C, 28.757°C, 23.030°C, and 20.714°C, respectively. A decreased temperature difference
means a more homogeneous dispersion of heat, whereas an increased temperature difference
indicates an uneven dispersion of heat. Therefore, the oven with the third geometry exhibits superior
heat distribution compared to other models. This occurs because the oven with the third geometry
has the smallest temperature difference.

According to Smolka et al., [32], the oven's heat source must be carefully designed to achieve the
desired temperature distribution. To ensure the highest quality of the device, it is crucial to achieve
a high degree of temperature uniformity by making the temperature as consistent and even as
possible. The material experiences ideal drying conditions from the beginning due to the
homogeneous distribution of heat. Every part of the material is evenly exposed to sufficient heat at
the same time, reducing the total drying duration. This obviates the necessity for certain regions to
endure waiting for heat to penetrate them, leading to the expedited and more effective elimination
of moisture.

3.4 Air Velocity Analysis

Figure 9 shows the contours of the air velocity distribution inside the oven. The simulation
findings indicate differences in air velocity distribution within the oven. The velocity distribution in
all oven models indicates that the air close to the perforated plate exhibits higher velocities.

The air located at a greater distance from the perforated plate has a lower velocity. The highest
air velocities in the original, first geometry, second geometry, and third geometry ovens were found
at measurement points 3, 7, 6, and 2, respectively. Perforated plates can induce flow rectification,
wherein the incoming airflow is redirected and compelled to pass through the holes or apertures in
the plates. The diversion might induce turbulence and augment the air velocity that traverses the
perforations [33].

Figure 10 illustrates the air velocity at the eight designated measurement points. The
investigation revealed that the original oven had a minimum air velocity of 0.0078 m/s, a maximum
air velocity of 0.0798 m/s, and an average air velocity of 0.0326 m/s. The first geometry oven
achieved a maximum air velocity of 0.3380 m/s, which is the highest recorded value. The first
geometry oven exhibited air velocities of 0.0046 m/s and 0.1063 m/s as the minimum and average
values, respectively. When a perforated plate is introduced into an oven with the initial geometry,
the maximum and average air velocities experience a significant rise of 323.56% and 226.04%,
respectively, in comparison to the original oven. In contrast, the oven with the first geometry
experienced a 41.03% decrease in velocity compared to the minimum velocity in the original oven.
In addition, the maximum velocity measured in the second geometry oven was 0.2842 m/s. The
second geometry oven achieved a minimum velocity of 0.0311 m/s and an average velocity of 0.1095
m/s. using perforated plates in the second oven geometry resulted in an overall increase in the
maximum, average, and minimum velocities compared to the original oven.
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The study found that the maximum, average, and minimum velocities in the second geometry
oven increased by 256.14%, 235.77%, and 298.72% respectively. Furthermore, the highest velocity
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measured in the third geometry oven was 0.5633 m/s. The minimum and average velocities
measured in the third geometry oven were 0.0267 m/s and 0.1733 m/s, respectively. The use of
perforated plates in the third geometry oven resulted in higher maximum, average, and minimum
velocities as compared to the original oven. The results of this investigation indicate that the
maximum velocity, average velocity, and minimum velocity in the third geometry oven experienced
a significant rise of 605.89%, 431.60%, and 242.31%, respectively.

The results of this study show that the use of perforated plates has a significant contribution to
increasing the average velocity in the oven. In the original, first geometry, second geometry, and
third geometry ovens, the average air velocity inside the oven was 0.0326 m/s, 0.1063 m/s, 0.1095
m/s, and 0.1733 m/s, respectively.

The oven with the third geometry had the highest average air velocity. Increased air velocity
enhances the process of water vapour evaporation from the material's surface. Increased air velocity
enhances moisture transport, leading to more effective evaporation and accelerated drying.
Furthermore, increasing the air velocity improves the rate of mass transfer between the air and the
substance being dried. This enhances the surface area of contact between the air and the substance,
facilitating a more effective extraction of moisture [34]. The slow evaporation of moisture from the
material to the environment leads to a longer drying time [35]. According to Araujo et al., [23], The
speed of the air flowing in the dryer will affect the drying process of the material, faster flowing air
will shorten the drying time. Air that does not flow properly will increase the water vapor content
around the dried material so that the drying time is slower. The results obtained from this study align
with those reported in the study by Erdiwansyah et al., [36]. According to their findings, the use of
perforated plates could improve air velocity in the fluidized-bed combustion chamber. Modifying the
geometry of the perforated plate may lead to slightly higher air velocities.

3.5 Air Pressure Analysis

Figure 11 shows the contours of the air gauge pressure distribution occurring inside the oven
chamber of the briquette dryer when viewed from the top viewpoint of the oven. The results of this
study show that the air pressure distribution in the oven varies with the use of a perforated plate.
The air pressure in the original oven is higher than in other oven models.

The type of fluid and pressure that flows will affect the heat transfer that occurs in a device [37].
High air pressure can restrict airflow inside the oven, thereby reducing the effectiveness of heat and
moisture transfer. This can cause the drying of the product to occur unevenly and take a long time
[38]. Drying is the process of extracting moisture from the product.

Increased pressure in the air can influence the kinetics of moisture extraction, resulting in
changes in the evaporation rate. This could lead to prolonged drying durations as the moisture
extraction process is decelerated [39].

The air pressure at the eight designated measurement points is shown in Figure 12. The research
findings indicate that the maximum air pressure recorded in the ovens with the original, first
geometry, second geometry, and third geometry was 2267.08 Pa, 2016.54 Pa, 2071.75 Pa, and
2025.93 Pa, respectively. The minimum air pressure in the original, first, second, and third geometry
ovens is 2267.01 Pa, 2016.20 Pa, 2071.41 Pa, and 2025.27 Pa, respectively. The average air pressure
in the original, first, second, and third geometry ovens is 2267.05 Pa, 2016.47 Pa, 2071.64 Pa, and
2025.40 Pa, respectively. The results of this research show that all oven models produce air pressure
inside the oven that has almost the same value at all measurement points. The original oven has the
highest air pressure compared to other ovens. The use of a perforated plate with a certain geometry
in this research has a significant effect on reducing the air pressure in the oven. Ovens with the
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second geometry have higher air pressure than ovens with the first and third geometries. Meanwhile,
the air pressure in ovens with the first and third geometries has a low value and is not significantly
different. Furthermore, according to Li et al., [40], pressure and temperature are two important
parameters in thermodynamics and affect each other. The lower the fluid temperature, the higher
the air pressure and density.

() (d)
Fig. 11. Air pressure contours of the oven with (a) 1st geometry, (b) 2nd geometry, and (c) 3rd
geometry
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Fig. 12. Graph of air gauge pressure at eight measuring points

Temperature greatly affects the drying of materials which is affected by the air pressure.
Decreasing air pressure enhances the capacity of the air to remove moisture from the material during
the drying process. Decreased air pressure corresponds to lower air density, facilitating the collection
and removal of moisture from the substance [41]. Elevated air pressure leads to an increase in air
humidity [42—-44], resulting in a reduction in the air's capacity to retain moisture. Consequently, this
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impedes the drying process of the material. Furthermore, a decreased air pressure within the oven
results in a corresponding decrease in air humidity. This can accelerate the drying process, as air with
low humidity has a reduced ability to retain water vapor. Consequently, the extraction of water from
the desiccated substance can be expedited [45,46].

According to another references, elevated air pressure can impede the process of water vapor
evaporation from dehydrated goods. High air pressure reduces the rate at which water vapor
molecules are released from the surface of a material, resulting in slower drying and prolonging the
drying process [47].

Moreover, excessive air pressure might impede moisture movement and decrease the convective
heat transfer coefficient. This additionally adds to decelerating the rate at which drying occurs and
impacts the operation's overall effectiveness [48].

3.6 Airflow Pattern Analysis

The resultant airflow pattern is depicted in Figure 13. The findings of this study demonstrate that
the utilization of perforated plates has a notable impact on the flow patterns of air. The major airflow
pattern in all modern oven designs is through the perforated plate holes. According to to Diaz-Ovalle
et al., [12], the airflow pattern within the oven room will impact the distribution and velocity of
temperature. The presence of localized airflow indicates an uneven distribution of temperature and
air velocity inside the oven room. Therefore, to ensure that the drying process is more effective and
efficient, an even airflow pattern that is directed in the same direction as the temperature
distribution and air velocity is required. Luo et al., [49] found that conventional electric ovens have
uneven heat circulation, which is concentrated at the oven's edges. This results in the cooked meal
having a rough and charred exterior while the inside remains uncooked. To solve this issue, it is
necessary to maintain a consistent temperature in the oven while ensuring that the air circulation
within the oven remains steady. The purpose of having a uniform airflow in the oven is to maintain a
consistent temperature [49].

The results of this investigation indicate that the airflow pattern in the first geometry oven and
the original geometry is more concentrated on the right side. This region serves as the air entry route
from the furnace via the perforated plate. The airflow pattern is more uniform in the oven utilizing
the second geometry compared to the ovens utilizing the first and original geometries. This occurs
due to the utilization of perforated plates situated on the rear and right sides of the oven. Compared
to other oven models, the airflow pattern in the third geometry oven is superior. This occurs due to
the airflow passing through the perforated plates on the left, right, and posterior surfaces. As a result,
air circulation becomes more uniform. By incorporating perforated plates on the right, rear, and left
sides, the oven with the third geometry achieves an optimal airflow pattern within the drying
chamber for coconut shell charcoal briquettes, ensuring the most uniform distribution of air.

The findings of this investigation align with those of a study carried out by Ngo et al., [13]. Their
research demonstrates that the utilization of perforated plates can substantially increase
temperature uniformity and decrease oven heating time, in addition to playing a crucial role in air
distribution within the oven. The standard deviations obtained for cases without perforated plates,
using perforated plates at the back and front are 2.34 m/s, 0.45 m/s, and 0.31 m/s, respectively. As
the standard deviation decreases, the temperature and fluid velocity distribution within the oven
become more uniform. Hence, it can be asserted that the implementation of a perforated plate
situated on the front of the oven has substantially enhanced the uniformity of temperature and fluid
velocity.
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Fig. 13. Airflow pattern of the oven with (a) original geometry, (b) 1st geometry, (c) 2nd geometry,
and (d) 3rd geometry viewed from the top side of the oven

4. Conclusions

The purpose of this study is to determine the effect of perforated plate geometry on thermofluid

characteristics, which include air temperature distribution, air velocity, airflow pattern, and air
pressure in the briquette drying oven. CFD simulations were conducted on both the original oven and
the modified oven, which had three different geometries. The findings obtained from this
investigation are as follows:

The average temperatures in the original, first geometry, second geometry, and third
geometry ovens are 74.093°C, 79.173°C, 79.562°C, and 80.869°C, respectively. An increase of
6.86%, 7.38%, and 9.15% was observed in the average temperature of the ovens with the
first, second, and third geometries, correspondingly, due to the utilization of perforated
plates. The temperature differences between the original, first, second, and third geometry
ovens are 22.376°C, 28.757°C, 23.030°C, and 20.714°C, respectively.

The average air velocity in the original, first, second, and third oven geometry is 0.0326 m/s,
0.1063 m/s, 0.1095 m/s, and 0.1733 m/s, respectively. The use of perforated plates enhances
the average air velocity in ovens with the first, second, and third geometries by 226.04%,
235.77%, and 431.60%, respectively.

The average air pressure in the original oven was 2267.05 Pa. The use of perforated plates
causes a decrease in the average air pressure in the oven. In ovens with the first, second, and
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third geometries, the resulting air pressure is 2016.47 Pa, 2071.64 Pa, and 2025.40 Pa. The
average reduction in air pressure in ovens with the first, second, and third geometries is
11.05%, 8.62%, and 10.66%, respectively.

The airflow pattern in the first and original ovens was concentrated on the right side of the
oven. The airflow pattern is more uniform in the oven utilizing the second geometry
compared to the ovens utilizing the first and original geometries. This occurs due to the
utilization of perforated plates situated on the rear and right sides of the oven. Compared to
other oven models, the airflow pattern in the third geometry oven is superior.

This occurs due to the airflow passing through the perforated plates on the left, right, and
posterior surfaces. As a result, air circulation becomes more uniform.

Perforated plates enhance the oven's average air temperature and average air velocity. This
leads to enhancements in the evaporation of water vapor, the movement of moisture, and
the effectiveness of drying by increasing the transfer of mass and the contact surface area
between the air and the substance. Therefore, the process of drying can be expedited.
Utilizing perforated plates results in a reduction in the average air pressure within the oven.
This results in a reduction in air humidity. This can expedite the drying process, as air with low
humidity has a diminished capacity to retain water vapor. Therefore, low humidity air can
accelerate the process of removing water from the dried material.

The use of perforated plates on the right, back, and left sides in an oven with the third
geometry is the best geometry produced in this research. This happens because this oven
produces the most even airflow pattern in the oven compared to other geometries. In
addition, the oven with the third geometry has the highest average temperature and average
air velocity, with a lower average air pressure compared to the other geometries.

The scope of this research is limited to three different configurations of perforated plates
used in briquette drying ovens. Therefore, in future investigations, further variations are
needed, including adjustments to the geometry of the combustion furnace, tray, inlet air
velocity, and inlet air temperature. Furthermore, it is essential to examine the effects of oven
geometry on drying time and air density. This is a critical stage in obtaining a briquette drying
oven that is more effective and efficient, thereby contributing to future fuel and production
cost savings.
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