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PREFACE

In the name of the Committee of Agricultural and Biosystem Engineering of the Hungarian Academy of
Sciences we would like to welcome everyone who is interested in reading our journal. The Hungarian
Agricultural Engineering (HAE) journal was published 36 years ago for the very first time with an aim to
introduce the most valuable and internationally recognized Hungarian studies about mechanisation in
the field of agriculture and environmental protection.

In the year of 2014 the drafting committee decide to spread it also in electronic (on-line and DOI) edition
and make it entirely international. From this year exclusively the Hungarian University of Agriculture
and Life Science’s Institute of Technology (former Szent Istvan University’s Faculty of Mechanical
Engineering) took the responsibility to publish the paper twice a year in cooperation with the Hungarian
Academy of Sciences.

Our goal is to occasionally report the most recent researches regarding mechanisation in agricultural
sciences (agricultural and environmental technology and chemistry, livestock, crop production, feed and
food processing, agricultural and environmental economics, energy production, engineering and
management) with the help of several authors. The drafting committee has been established with the
involvement of outstanding Hungarian and international researches who are recognised on international
level as well. All papers are selected by our editorial board and a triple blind review process by prominent
experts which process could give the highest guarantee for the best scientific quality.

We hope that our journal provides accurate information for the international scientific community and
serves the aim of the Hungarian agricultural and environmental engineering research.

Godolls, 20.12.2024.

/ ///Ja»oa W ._,a_x' ( { 'I." / ({ ) (( -

Dr. Istvan SZABO Dr. Laszl6 TOTH
editor in chief editor in chief
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Abstract: The thermal heat transfer behavior of hot and cold fluids within boundary conditions on both
parallel and counter types of heat exchangers was investigated in this work using the computational fluid
dynamics (CFD) approach in ANSYS Workbench (CFX). This technique helps us identify the precise values
for the velocity, pressure, and temperature readings along and across the heat exchanger, in addition to
determining how the three variables were distributed locally or globally. Cold water at 5 m/s and 20 °C, with
a zero pressure at outlet or zero gauge pressure at outlet, was employed in this study, as was hot water at 4
m/s and 90 °C, with the zero pressure at outlet or zero gauge pressure at outlet. The results of any local or
global temperature, pressure, and velocity values were represented along the length of both parallel and
counter types of heat exchangers by color contours, where red indicated the largest value and blue the lowest.
All of the global temperature, pressure, and velocity distributions were shown by charts positioned along the
length of both parallel and counter-type heat exchangers. We came to the conclusion that when hot inlet
fluid passes between the head and outer surface of cold fluid, there is a T-junction where high pressure and
low velocity coexist. In comparison to parallel flow, the pressure and velocity distributions are lower in
counter flow.

Keywords: ANYSY (CFX), CFD, heat transfer, pressure, temperature, thermal

1. Introduction

In many fields, efficient use of heat transfer is crucial, and because heat makes up a significant amount of
final energy, it presents a significant barrier to the economic viability of many industrial processes [1-4].
The thermal engineering topic of study known as heat transfer is change, interchange, utilization, and
formation of heat between bodies. Heat transport mechanisms include phase shift, conversion, radiation, and
conduction. Heat exchangers are widely employed in industries [5-12]. Engineering applications in daily life
and the industrial sector frequently use heat exchangers that are both parallel and counter [13-15]. Finding
appropriate solutions is difficult since these heat exchangers are susceptible to thermal conduction,
convection, radiation, and phase shifts in which energy is transmitted. To completely comprehend pressure
distribution, temperature variation, and velocity variation in both parallel and counter-type heat exchangers
from hot to cold is a significant phenomenon that necessitates substantial experimental investigation and
numerical analysis. ANSYS CFX, a CFD modeling package, was used to evaluate the temperature variation
and velocity on the flue, fin, and tube domains [16-18]. Complex phenomena such as thermal heat transfer
between hot and cold fluids have been solved by modern technology. Researchers have used the commercial
CFD code ANSYS to study the flue gas/water type parallel and counter heat exchangers [13-18]. Examining
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the distribution and determine velocity, pressure, and velocity at any point within and across both parallel
and counter types of heat exchangers is the goal of this work.

2. Materials and Methods

The distribution and calculation of pressure, temperature, velocity vector, streamlines, and velocity of both
parallel and counter heat exchangers were all simulated with the use of the ANSYS Workbench software
(CFX) and the computational fluid dynamics (CFD) method. Cold water was used at 5 m/s and 20 °C with
the zero pressure at outlet or zero gauge pressure at outlet, while hot water was used at 4 m/s and 90 °C with
zero pressure at outlet or zero gauge pressure at outlet. Fig. 1 depicts the steps of performing a general
ANSYS workbench (CFX) and computational fluid dynamics while performing thermal heat transfer.

v A

.

2 () Geometry v S
3 @ Mesh o
4 @ Setup v 4
5 Qj Solution v 4
6 @ Results v 4

counter flow heat exchanger

Figure 1. Steps in ANSYS CFX.

Assembly drawings generated by ANSYS Workbench Design Modular, along with the components for the
hot and cold fluids within a 50-mm-diameter and 50-mme-high hot fluid cylinder in two different
configurations, were used in the study. The dimensions of the hot fluid were two heads separated by 50 mm,
and the cold fluid was 1000 mm long and 100 mm wide.

&

Figure 2. 3D model of cold fluid and hot fluid.

Numerous researchers employed loads and boundary conditions while using CFD and the FEM to simulate
the characteristics of heat exchanger [9], and [19-32]. As seen in Fig. 3, giving names to both parallel fluid
flow and counter fluid flow bodies cold fluid and their surfaces like cold fluid in face represented by letter
A, cold fluid out face denoted by letter B, cold wall denoted by letter C and cold domain denoted by letter
D.

colddomain
6/8/2023 9:27

. coldin
[B] coldout

[€] cotdwall
. colddomain

Figure 3. The naming of cold fluid.

As seen in Fig. 4, giving names to both parallel fluid flow and counter fluid flow bodies hot fluid and their
surfaces like hot out fluid in face represented by letter A, hot fluid in face denoted by letter B, hot inner wall
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denoted by letter C, hot outer walls denoted by letter D, hot faces represented by letter E and hot domain
represented by letter F.

Figure 4. The naming of hot fluid.

The next stage in this research was to create contacts between the surfaces of the hot and cold fluids by
connecting them. Fig. 5 in the below illustration illustrates how to create hot and cold fluid contact surfaces
in the ANSYS workbench. As Fig. 5 makes evident, the target body is indicated by the blue colour, and the
contact region is indicated by the red colour. You can also flip the setting.

(a) Contact region and target body (b) Contact region

Taeget Body View

(c) Target body
Figure 5. Contact surfaces of cold fluid and hot fluid.
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ANSYS geometry was used to define the computational fluid domain (CFD) was utilized to discretize the
domain [33-39]. The discretization of the fluid model into a "mesh™ composed of multiple elements is an
essential precondition for the ANSYS CFX and CFD methodologies. The mesh size is influenced by
numerous factors in the fluid model, such as density windows, surface curvatures, spacing between geometric
entities, and field variable distribution [11], [12], [19], [22], [26] and [27]. The steps of inflation on the
circumferential sides and the size of all edges are utilized as shown in Fig. 6.

Edge Sizing
6/8/2023 944

[ Edge Sizing

Figure 6. Edge meshing by division of numbers.

In three-dimensional numerical analysis, tetrahedrons, hexahedrons, and their combinations are commonly
utilized. Highly efficient, easily implemented, flexible for creating adaptive meshes, and easily re-generable
meshes are the advantages of tetrahedral element meshes. The automatic generation technology of tetrahedral
element meshes is currently fully developed and finds widespread application in handling complex geometry.
As demonstrated in Fig. 7, adaptive generation for the use and refining of tetrahedral meshes was also utilised

in this work.

Figure 7. A mesh model of hot fluid and cold fluid.

Setup: Select water from the material library in this step. The fluid model was thermal energy. In the first
case of parallel fluid flow, the hot and cold fluid assemblies would be subjected to all boundary conditions.
Cold water was applied at the inlet at 5 m/s and 20 °C with zero length of cold fluid, and cold water was
applied at the outlet at zero pressure and zero length of cold fluid. Furthermore, hot water was applied at the
inlet at 4 m/s and 90 °C, 50 mm away from the edge of the hot fluid on the head, at 4 m/s and 90 °C.

= f
= E
il

Figure 8. Setup boundaries for parallel fluid flow.

The assemblies would then be subjected to all boundary conditions in the second case in a counter-fluid
flow. Cold water was applied at the inlet at a 5 m/s and at a 20 °C with zero length of cold fluid, and zero
pressure of cold water was applied at the outlet or end length of cold fluid. And also, hot water was applied
at the input 4 m/s and 90 °C at 50 mm away from the edge of the hot fluid on the head on another side (950

8
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mm away from the origin of the hot fluid) and at zero pressure of hot water at 50 mm away from the edge of
the hot fluid flow on the heads. In addition, these applied wall boundary conditions to the two faces and the
three outer sides of the hot fluid. Furthermore, the interface boundary between the cold outer face and the
hot inner face was applied for heat transfer.

Figure 9. Setup of counter fluid flow.

3. Results

The simulation results below show the overall outcomes of both the parallel fluid flow and the counter-fluid
flow, including streamlines of velocities, pressure distribution contours, pressure distribution charts, global
velocity distribution contour plots, velocity vector distribution, global temperature distribution contour plots,
and temperature distribution layouts. Fig. 10 shows below the streamline of velocities both (a) parallel fluid
flow and (b) counter fluid flow using both inlets and outlets of cold and hot fluid flow; the red represents the
maximum, and the blue denotes the minimum.

(a) Parallel fluid flow (b) Counter fluid flow
Figure 10. Shows streamlines of velocities.

Fig. 11 shows below the contour of the pressure distribution (global) of (a) parallel fluid flow and (b)
counter fluid flow; the red shows high pressure and the blue represents low pressure. A T-junction is formed
50 mm away from the origin of the shell and tube when hot incoming fluid passes between the head and
surface of the cool fluid as shown in Fig. 11 (a) parallel fluid flow. High pressure and low velocity coexist
here. When hot inlet fluid flows through the head and makes contact with the cool fluid's contact surface, a
T-junction forms 950 mm from the origin at the cold fluid's edge as shown in Fig. 11 (b) counter fluid flow.
In this area, high pressure and low velocity coexist.
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(a) Parallel fluid flow (b) Counter fluid flow
Figure 11. The contour of pressure distribution.

The pressure distribution charts for (a) parallel fluid flow and (b) counter fluid flow are displayed below in
Fig. 12a and Fig. 12b. A chart of the pressure distribution (global) collected from 150 streamlines. Both the
length and the pressure distribution are shown by the x and y axes, respectively. In case of (a) parallel fluid
flow, when hot inlet fluid flows pass through the head and make contact with the cool fluid's contact surface,
a T-junction forms 50 mm from the origin at the cold fluid's edge. In this region, high pressure and low
velocity coexist. A T-junction is formed when hot fluid passes through the head and separates the surface of
the cool fluid, 950 mm away from the origin of the cold fluid. In this region, low pressure and high velocity
coexist. The reverse is true in case of (b) counter fluid flow case.

pressure vs length of shell and tube

¥[im]
— Seres |

(a) Parallel fluid flow

Figure 12a. Pressure distribution graphs.
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pressure vs length
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(b) Counter-fluid flow

Figure 12b. Pressure distribution graphs.

Fig. 13 shows the global velocity variation in both (a) parallel fluid flow and (b) counter fluid flow in the
contour plot. The maximum velocity is shown in red, while the minimum velocity is shown in blue. In the
pressure distribution charts for (a) parallel fluid flow and (b) counter fluid flow, as we elaborated before, the
opposite is true. This implies that a certain region will have low velocity values when high pressure values
occur.

(a) Parallel fluid flow (b) Counter fluid flow
Figure 13. Global velocity distribution contour plot.

The velocity vector distribution for both (a) parallel fluid flow and (b) counter fluid flow is depicted below
in Fig. 14. The highest velocity of the vector is denoted by the red arrow, while its minimum velocity is given
by the blue arrow.

11
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0.000e+000
[ms*-1] [ms*1]

(a) Parallel fluid flow (b) Counter fluid flow

Figure 14. Velocity vector distribution.

Below are velocity distribution charts for (a) parallel fluid flow and (b) counter fluid flow, as shown in Fig.
15a and Fig. 15b. This represents the velocity variation on the y-axis and lengths on the x-axis. The chart of
velocity distribution (global) obtained from the collection of 150 streamlines' dates. In (b) counter fluid flow
Fig 15b, when hot inlet fluid flows through the head and makes contact with the cool fluid's contact surface,
a T-junction forms 950 mm from the origin at the cold fluid's edge. In this area, high pressure and low velocity
coexist. However, a T-junction is formed when hot fluid passes through the head and separates the surface
of the cool fluid 50 mm away from the origin of the cold fluid. This region has both low pressure and high
velocity. The reverse is true in case of (a) parallel fluid flow case. (Fig. 15a)

velocity vs length of shell and tube

vebocity [ ms~-1]

¥im]

(a) Parallel fluid flow
Figure 15a. Velocity distribution graphs.
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velocity vs length

Velocity [msA-1]

Y[im]
—— senes 1

(b) Counter fluid flow
Figure 15b. Velocity distribution graphs.

The contour plots below represent the global temperature distribution for both (a) parallel fluid flow and
(b) counter fluid flow, as seen in Fig. 16. The highest temperature is displayed by the red and the lowest is
indicated by the blue. From the through head's intake to the out-through head on another, the heated fluid is
continuously dripping out for either parallel fluid flow or counter fluid flow as show below temperature
contour plots.

(a) Parallel fluid flow (b) Counter fluid flow
Figure 16. Global temperature distribution contour plots.

The temperature distribution charts for (a) parallel fluid flow and (b) counter fluid flow are displayed in
Fig. 17 below. The chart of the temperature distribution (global) from 150 streamline collection dates. The
temperature distribution is denoted by the y-axis, while the length is denoted by the x-axis. Temperature
staring, dropping the hot fluid inlet through the head, and contact with cold fluid form a T-junction that is 50
mm away from the edge of cold fluid up to 950 mm away from the origin coordinate of cold fluid to hot fluid
out, as shown in this temperature distribution chart in case of (a) parallel fluid flow in Fig. 17. From the

13
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head's 950 mm T-junction, where the hot fluid begins to continually decrease in temperature, the cold fluid
continues to do so until it reaches the head's hot flow outlet, which is located 50 mm from the cold fluid's
source for the case of (b) counter fluid flow in Fig. 17.

Temperature vs length of shell and tube

TV | ———
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320 e e e o et e Y
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(a) Parallel fluid flow

temperature vs length
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350 ]
340 1
z
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300 ¢
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(b) Counter fluid flow
Figure 17. Temperature distribution plots.
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4. Discussion

The overall results show that the parameters of pressure, temperature, and velocity do not significantly alter
between parallel and counter fluid flow. The researchers demonstrated fluid flow animation using a velocity
stream [11], [19], [31], [32], [37], [40], and [41]. The fluid flow character and pressure distribution
approaching the T junction are complicated due to the sudden widening of the flow boundary, which results
in flow separation and variable distribution [9], and [31]. The pressure is maximum at the end of the header
and minimum at the entrance due to the jet caused at the inlet [27], [42], and [43]. In light of this, our findings
were consistent with the study. Along the header inlet, the velocity is high, a clear vortex is circulated along
the sides of the expanded jet flow, and a minor eddy flow is seen close to the header inlet because the vortex
flow's circulation would slow down the first velocity [3], [27], [29], [37], [38], [39], and [42]. When the flow
is flowing downstream, the turbulent kinetic energy and dissipation rate are greatest close to the T junction;
they gradually decrease as the flow proceeds downstream, and they completely vanish near the closed end of
the manifold [9]. As a result, our findings are consistent with those of other researchers. Researches
demonstrated using velocity vectors [3], [9], [12], [16], [24], [25], [35], [37], [40] and [41]. Temperature
measurements revealed a decrease in flow direction [6], [12], [20], [21], [22], [23] and [32]. A similar result
occurs when hot fluid constantly transfers heat to cold fluid and hot fluid gradually decreases throughout the
length, as shown in Fig. 17 global temperature distribution contour.

5. Conclusions

Fluid flows in the heat exchanger were analyzed using ANSYS Workbench CFX computational fluid
dynamics, both parallel and counter types of heat exchangers. A detailed discussion was held regarding the
temperature, pressure, and temperature throughout the entire heat exchanger. Here is a summary of the
findings: The overall flow rate increases when the pressure differential decreases. High pressure and low
velocity coexist at a T-junction, which is created when hot inlet fluid passes through the head and outer
surface of cold fluid. Compared to parallel flow, counter flow has lower pressure and velocity distributions.
Both parallel and counter types of heat exchangers can be successfully analyzed in all velocity distribution,
pressure distribution, and temperature distribution using the ANSY'S workbench (CFX) and computational
fluid dynamics approach.
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Abstract: This research explores the interplay between weight loss, color transformation, and total soluble
solids (TSS) in Golden Delicious apples during storage at room temperature. Across six weeks, a freshly
harvested batch of Golden Delicious apples underwent scrutiny in a controlled environment, maintaining
around 24°C and 60% humidity. The study aimed to unravel the post-harvest physiological shifts in apples,
explicitly focusing on factors affecting consumer appeal and shelf life. Methodologically, weight loss was
precisely tracked using a high-precision scale, while color alterations were quantified via a portable
colorimeter, yielding CIELAB L*, a*, and b* values. A refractometer was used to assess TSS, which
indicated sweetness and ripeness. Correlation analysis revealed a strong link between weight loss and color
shift, with a less pronounced yet significant connection between TSS and the other variables. These findings
enrich our comprehension of the post-harvest dynamics of Golden Delicious apples, carrying implications
for adequate storage and marketing tactics. This research supports the principles of the circular economy by
enhancing the efficiency of post-harvest processes and minimizing waste through better storage practices.
By understanding these factors, producers can reduce spoilage and extend the shelf life of apples, contributing
to more sustainable food systems.

Keywords: Apple, post-harvest changes, storage impact, correlation, mass loss

1. Introduction

Due to limited storage capacity compared to production levels, the costs associated with cold storage can
increase. As a result, many consumers choose to purchase fruits that have been stored at room temperature
in local markets. Therefore, assessing the quality of apples at room temperature is crucial, and non-destructive
color measurement is a valuable indicator at purchase [1], [2]. A fruit's vibrant and fresh appearance is a
consumer's initial interaction with it, significantly influencing their sensory experience. Traditionally, fruit
quality assessment relied on visual inspection and destructive testing [3]. However, advancements in
spectroscopic and imaging techniques offer effective and non-destructive alternatives that address the
limitations of traditional methods [4].

The levels of total soluble solids (TSS) in apples are crucial in determining their texture and flavor, which
in turn impact their overall quality and appeal to consumers [5], [6], [7].

Additionally, weight loss in fruits, mainly due to dehydration, affects their quality and economic value. The
natural wax coating on apples plays a significant role in retaining moisture, and the structure and composition
of the skin's wax are essential factors in mitigating weight loss [8]. Weight loss affects the fruit's visual appeal
and textural quality, leading to softening and reduced turgor pressure. Therefore, measuring fruit weight is
essential for fruit quality assessment [9], [10].

While there is existing research on fruit storage, further investigation is needed into color changes in fruits
and the classification of ripening stages during shelf life [11] demonstrated that color changes during storage
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could serve as a classification criterion for ripening stages. Apple quality deteriorates significantly during
storage, which affects consumer acceptance [12], [13], [14]. This study highlights the relationship between
weight loss, TSS and colorimetry data.

2. Materials and Methods

Fresh Golden Delicious apples were harvested from a farm near Kecskemét, Hungary. Three measurements
were made for each sample to determine the weight and geometry. The average weight of the entire fruit
sample was 150 £12 g. The apples were kept for six weeks at room temperature (24 + 1 C) with 60% relative
humidity.

2.1. Measurement of Weight Loss

The samples of apple fruits were weighed using a precision scale type KERN (KERN & SHON GmbH,
Balingen, Germany, KERN PCB 3500-2, max.: 3500 g + 0.01 g).
Weight loss (%) was calculated using the following equation:
Weightloss = == - 100, [%] @
0
where:
m — the mass of apples during storage (g),
mo — the initial mass of apples (g).

2.2. Measurement of Color

The color characteristics of samples were measured with a wireless Nix Pro color sensor (Nix Sensor Ltd.,
Hamilton, Ontario, Canada, NixPro Mini).

Color parameters, precisely color difference (AE), and chroma (C) were calculated from the L*a*b* data.
Chroma describes the saturation of a fruit's color, while Delta E is used to measure and compare color
differences.

AE = \/(LB — L)%+ (ag— a*)?2 + (by — b*)?, 2

Cc* =+a*2 +b*2, 3

where Lj, ap, and by represent the initial color data based on the samples.
2.3. Measurement of Total Soluble Solids (TSS)

The TSS of extracted juice was determined with a digital hand refractometer (Ebro Electronic GmbH,
Ingolstadt, Germany, Model: DR-10). The TSS values of the juice were measured in triplicate and the results
were expressed in °Brix (£0.2).

3. Results and Discussion
3.1. Correlation between weight loss and color parameters

Correlation analysis can assist in comprehending the connection between two variables. A significant linear
trend can be identified by analyzing Golden Delicious apples' weight loss and L* value (lightness) stored at
room temperature over six weeks. This trend indicates a link between increased weight loss and decreased
lightness. The negative correlation between weight loss and the L* value suggests that as the apples lose
water weight and undergo transformations during storage, they become less reflective or appear darker. The
correlation also points to a change in color in the apples as they lose weight, which is linked to increased
ethylene production and respiration [15]. Therefore, it is critical to understand how storage time influences
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the apples' quality and marketability in terms of their visual appeal, which directly impacts how consumers
perceive their freshness and quality. The solid linear correlation, with an R? value of 0.9075, indicates a
robust connection, where the linear model explains most of the variance in the L* values. It implies that, by
understanding the percentage of weight loss of the apples, their L* value can be predicted with a high degree
of accuracy using this model. By understanding the correlation between weight loss and L* value in Golden
Delicious apples, the quality and marketability of the fruit can be predicted based on its visual appeal. (Fig.
1)

| *
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74 : y =-0,6002x + 74,126
i R?=0,9075
73 1
1 T
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- 71 ! i T
i 1 J_
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5,29 9,82 14,19 18,01 22,51 25,32

Weight loss (%)
Figure 1. Correlation between Weight Loss and L* Values in Stored Golden Delicious Apples.

Fig. 2 shows the relationship between weight loss and the a* value (representing chromaticity on a green-
to-red axis) of apples stored at room temperature over six weeks. The graph exhibits a positive correlation
between weight loss and the a* value. As the weight loss percentage increases, the a* value increases,
suggesting that the apples become redder as they lose weight and start rotting. The R? value of 0.9423
demonstrates a robust correlation between these two variables. As apples lose weight, mainly through water
loss, there may be a concentration of pigments such as anthocyanins and carotenoids, which can cause the
color to shift towards red [16]. Apples can undergo enzymatic reactions that may lead to a change in skin
color. In the case of Golden Delicious apples, this might mean a shift from a greener to a redder hue as the
weight loss progresses and red spots appear as a sign of rotten. The strong correlation between weight loss
and color change affects apples' perceived freshness and quality. As the color shifts towards red, it may affect
consumer preference significantly. In the case of Golden Delicious apples, a redder color is associated with
ripeness and rottenness. This correlation is statistically robust, as indicated by the high R? value, and could
be valuable for the agricultural industry to predict and assess color changes in apples due to weight loss
during storage.
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Figure 2. Correlation Between Weight Loss and Chromaticity (a*) of Golden Delicious Apples During Six
Weeks of Room Temperature Storage.
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Fig. 3 shows a positive correlation between weight loss and the b* value. As weight loss increases, the b*
value increases, suggesting that the apples become more yellow as they lose weight. The R2 value is 0.8523,
which indicates a robust correlation between weight loss and b* value.

The increase in b* value with weight loss might be due to the natural ripening process, where chlorophyll
breakdown and the synthesis of carotenoids can make the fruit appear more yellow over time [17].

Water loss may lead to a concentration of pigments within the apple, making the yellow color more
pronounced. This is especially true if the water loss is more from the surface, where the color change is most
noticeable. As they age and lose water, apples may undergo non-enzymatic browning reactions that can
contribute to a change in color, potentially leading to an increase in the yellow component [18]. The strong
correlation captured by the linear model and the high R? value suggests that this color change is consistent
and can be reliably predicted by the extent of weight loss.
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Figure 3. Correlation Between Weight Loss and Chromaticity (b*) of Golden Delicious Apples During Six
Weeks of Room Temperature Storage
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Figure 4. Relationship Between Weight Loss and Total Color Change (AE) in Golden Delicious Apples
Over Six Weeks of Storage.
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Figure 5. Impact of Weight Loss on Chroma Intensity (C*) in Golden Delicious Apples During Six Weeks
at Ambient Temperature

The graphical analysis (Fig. 4) indicates a robust positive correlation between the weight loss of and AE,
with an R? value of 0.9911. This strong correlation suggests that color changes are significant and directly
related to the degree of weight loss.

In conjunction with AE, Chroma (C*) also exhibits a positive correlation with weight loss, as reflected by
an R? value of 0.9034 (Fig. 5). This correlation demonstrates that as the apples lose weight, there is a
concurrent increase in color intensity, leading to a more vivid and saturated appearance [11]. The initial
weight loss stages are the most significant Chroma alterations, a trend consistent with the changes observed
in AE.

The observed increase in both AE and Chroma during the early phase of weight loss can be attributed to
the concentration of pigments due to moisture reduction and the potential degradation of chlorophyll. As a
result, the apples exhibit a more pronounced color change, becoming noticeably different and more intense.

When apples ripen, the chlorophyll in their flesh and skin turns green. Chlorophyll is constantly renewed
prior to maturation; however, once development starts, the rate of chlorophyll production slows down,
initially leading to a loss of green tint. When more chlorophyll is lost, other pigmentation — typically yellow
— takes centre stage. [19], [20].

3.2. Correlation between weight loss and Total Soluble Solids

Fig. 6 presents a correlation between the weight loss percentage of Golden Delicious apples and their Total
Soluble Solids (TSS) measured during storage at room temperature. The graph illustrates a linear increase in
TSS as the weight loss percentage rises. The pattern of change suggests that as apples lose moisture over
time, the concentration of soluble solids like sugars increases [21]. The R? value of 0.9624 is very high, which
means that the linear model can explain approximately 96.24% of the variance in TSS based on weight loss.
This indicates a solid predictive relationship.

During storage, apples lose weight primarily due to water loss. As water content decreases, the components
that make up the TSS, such as sugars, become more concentrated. TSS is a measure often associated with the
sweetness and flavor intensity of the fruit. The increase in TSS as weight loss occurs may indicate that the
apples could taste sweeter and have a more pronounced flavor as they dehydrate.

Given their perishable nature and high metabolic and respiratory rates, apples typically have a limited
storage duration. Post-harvest losses, which can account for up to 25-28% of total yield [22], underscore the
importance of enhancing post-harvest fruit management to bolster the food supply [23]. While apples are
nutritionally rich, this value diminishes after harvest due to various factors.

Internal and external factors influence these losses during storage, with temperature and relative humidity
playing a pivotal role [24]. The correlation between the weight loss of Golden Delicious apples and other
parameters during post-harvest handling is particularly noteworthy. This weight loss is closely linked to
changes in firmness, color, and total soluble solids content, reflecting the fruit's overall quality and shelf life.
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Figure 6. Correlation Between Weight Loss and TSS of Golden Delicious Apples During Six Weeks of
Room Temperature Storage

The correlation between weight loss and total soluble solids (TSS) of Golden Delicious apples stored at
room temperature has been a subject of interest in several studies. Juhnevica et al. assessed the impact of
different storage conditions on apple quality [25]. This study provided insights into the various factors that
influence the quality of apples during storage, including changes in TSS levels. Another study focused on
the effect of post-harvest storage on the weight of Golden Delicious apples [26], highlighting the impact of
storage conditions on weight loss, which can, in turn, influence TSS levels. Additionally, non-destructive
methods for measuring chlorophyll content in the skin of Golden Delicious apples and evaluating quality
were explored in a separate study by Rutkowski et al. shedding light on the potential indicators of apple
quality beyond weight loss and TSS [27]. These findings collectively emphasize the multifaceted nature of
apple quality during storage and the importance of considering various factors, including weight loss and
TSS, in assessing and managing post-harvest apple quality.

4. Conclusions

This study established a definitive linear correlation between weight loss in Golden Delicious apples and
critical quality attributes such as lightness, chromaticity, total color change, chroma intensity, and total
soluble solids over a six-week storage period at room temperature. Analytical models explain most of the
variability in these quality indicators, highlighting weight loss as a powerful predictive tool for assessing
post-harvest quality deterioration. The implications for post-harvest apple management are substantial,
presenting a metric for anticipatory quality control and increasing marketability through more informed
storage strategies. This study highlights the importance of weight loss monitoring as a non-invasive but
informative indicator of shelf life and sensory quality of Golden Delicious apples, offering real benefits to
producers and consumers in the context of room-temperature storage. Some researchers have even modelled
the indoor temperature of the containers, while others have analyzed the air quality in fruit storage facilities.
[28], [29]. In this article, the temperature was kept constant, and the air quality was not analyzed. These
insights are crucial for advancing the circular economy by reducing food waste and enhancing resource
efficiency in the supply chain. Furthermore, these insights can encourage more sustainable farming
methods, contributing to a more resilient food supply. Future studies could also investigate the impact of
different storage strategies, such as modified atmosphere packaging, on the quality of Golden Delicious
apples during storage.
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Abstract: Reducing the moisture content of harvested grains is crucial for their subsequent processing or
storage. Given the substantial energy requirements and potential environmental consequences associated
with artificial drying, it is imperative to optimize the efficiency of this process. The quality of the final
product is significantly impacted by inadequate or excessive drying, which is heavily influenced by the
duration of grain exposure to the drying environment. Advances in dynamic modeling, facilitated by
enhanced computational capabilities, have empowered researchers to intricately examine particle movement
phenomena within drying equipment. In our study, we investigate variations in particle residence times under
diverse geometric and tribological boundary conditions.

Keywords: granular materials, discrete element method, cross flow dryers, particle flow unevenness

1. Introduction

Reducing the moisture content of harvested grains is an essential part of preparing them for further processing
or storage. Ideally, this task can be accomplished through natural drying, utilizing direct solar energy.
However, the quantity of grains required to meet the food and raw material demands of developed industrial
countries cannot be dried naturally; artificial drying is necessary. Due to the high energy demands and
potential environmental impact of artificial drying, we must strive to perform the drying process with the
highest possible efficiency.

2. The drying efficiency problem

In agriculture, drying can account for 60-80% of direct energy consumption [1], [2]. Therefore, it is evident
that increasing drying efficiency is a fundamental interest for all enterprises involved in drying. There are
two main directions for enhancing efficiency: optimizing thermodynamic processes (for example, by
reducing the specific amount of fossil fuels used) and exploiting the potential opportunities in influencing
particle movement processes.

In our article, we examine the second possibility. The development of explicit dynamic modeling methods,
particularly the significant increase in computational capacity, has enabled researchers to study the particle
movement processes occurring in drying equipment in detail [3], [4].

The quality of the final product is significantly affected by under-drying or over-drying, which is greatly
influenced by the time the grain spends in the dryer [5]. The duration spent in the dryer depends on the
velocity conditions of particle movement, which can be excellently analyzed using the discrete element
method (DEM) [6].

To improve the efficiency of the drying process, we intend to investigate the following questions:

1. What dimensionless characteristic can be used to describe the uniformity of material flow within the
dryer?

2. How do the tribological characteristics of interactions between particles and the wall affect the uniformity
of material flow within the dryer?
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3. How do the tribological characteristics of interactions between particles affect the uniformity of material
flow within the dryer?

4. Is there a lamella geometry (different from straight) that can further improve the uniformity of material
flow and thus enhance drying efficiency?

Theoretical considerations, experimental investigations and numerical simulations were conducted to
achieve these objectives.

3. The Brachistochrone problem

The movement of grain in a dryer can be related to the solution of an ancient mathematical problem. The
guestion of the downward motion of a particle sheds light on a classic problem in mechanics: the
brachistochrone (shortest time) problem. This was first formulated by Johann Bernoulli [7], with the first
solutions independently published by Newton and Leibniz [8], [9].

Bernoulli's question was as follows: What is the shape of the frictionless path along which a point mass
will travel between two points, A and B, that are vertically aligned but not on the same vertical line, in the
shortest possible time? (Figure 1.) This problem is one of the classic problems in the calculus of variations.
The mathematical formulation of the problem is as follows [10]

y

A

A(0,0) |

yp— B(x5,y5)

Figure 1. The Brachistochrone problem [11]

Time needed to move from A to B:

B B

jds _f ds

2 v 429y
Distance between points A and B is: ds = \/x'(y)? + 1dy, so

tAB_\/—f

In this case, we seek the equation for the function x(y) that minimizes the integral. To determine this, we
write the Euler-Lagrange equation for the problem:

27



HUNGARIAN AGRICULTURAL ENGINEERING OPTIMAL MATERIAL FLOW CHANNELS OF CROSS FLOW
N° 43/2024 DRYERS

of d of
dx  dyox'

Vxr?+1
VY

where f(x,x',y) = . The solution of this differential equation is a cycloid:

x = a(f —sinf)
y =a(l —cosf),

where parameter a is chosen according to the geometrical boundary conditions.

When considering friction, an analytical solution still exists, although it is significantly more complex.
Numerous researchers have addressed this topic [12], [13], [14], [15], and the resulting curves differ only
negligibly from the cycloid-shaped curve obtained in the frictionless case in practical applications [16]:

x(6) =g(9—sin9+u(1—cosé’))

C
y(6) =E(1_C059+M(0 +sin0)) + yo,

where C and yo are chosen according to the geometrical boundary conditions.

Naturally, the motion of an entire granular assembly within a drying apparatus is a far more complex
problem, as it requires considering interactions between the grains as well as between the grains and the
walls. Therefore, we cannot expect an analytical solution to the proposed problem; instead, a numerical
solution is necessary. The occasional interruption of material flow continuity precludes the use of finite
element-based numerical methods, leading us to opt for the discrete element method.

4. Experimental investigations

Cross-flow drying equipment typically operates in a batch mode. During drying, the grain moves downward
in a vertical direction, with deflector vanes ensuring that an adequate amount of air enters the equipment and
that the grains remain in the dryer for the appropriate amount of time. We conducted particle movement
experiments on both a large-scale industrial dryer and a model dryer. The obtained velocity values are shown
on Figure 2.

4,5

Velocity [cm/s]
o w
N [9,] w [¥a] =Y
.
®

=
[9;]

[y

0,5

0 2 4 6 8 10 12 14 16 18

Distance from the wall [cm]

Figure 2. Velocity values measured around the lamella in the drying equipment
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Figure 2. clearly shows that the presence of the lamellae significantly affects the flow velocity of the
particles. A characteristic number that can describe the unevenness of the flow could be the

Umax — Vmin
Y9=———

Vmax

quantity (velocity coefficient), which has a value of 0 for perfectly uniform flow, and approaches 1 as the
unevenness increases. Based on the current measurement results, the average velocities corresponding to
each distance value yield 0.65.

Particle movement studies were conducted both on the standalone drying module and inside the operational
industrial drying equipment. Comparing the particle movement characteristics (velocity coefficients)
between the standalone drying module and the operational industrial drying equipment, no significant
differences in velocity coefficient values were observed.

Since measurements on the large dryer indicated that the vanes significantly influence the unevenness of
particle flow, it was necessary to examine the effect of the vanes' inclination angle on velocity conditions.
To facilitate this task, a model drying apparatus was constructed, consisting of two columns from the original
drying module. The structure of the model dryer is depicted in Figure 3.

—— A

]

e
=T
o
3090,7

——— A

10968 15127

Figure 3. The model dryer apparatus

The flow velocity is primarily determined by the opening time of the discharge system. The rotational speed
of the discharge unit in the model dryer was adjusted to generate velocity values that closely match those of
the industrial dryer. We used painted layers to evaluate the particle displacements (Figure 4.).
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Figure 4. Painted layers to analyze the particle displacement

As shown in Figure 5., good agreement in velocity ratios between the model dryer and the industrial drying
equipment can be achieved by appropriately adjusting the opening time of the discharge unit.

5

45

Velocity [em/s]
[
T

2 —O—Industrial dryer
——Model dryer
1,5
1
0,5
0
0 10 20 30 40 50 60 70 80 90 100

Relativ edistance from the wall [%]

Figure 5. Comparison of the material flow conditions between the industrial and model dryers
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5. The discrete element model

The discrete element method was developed by Cundall and Strack in the 1970s. When applying this method,
the system solves the equations of motion for each individual particle in the assembly, taking into account
the interactions between particles as well as between the particles and the bounding walls. To ensure adequate
accuracy, calculations must be performed with very small time steps, making the method extremely
computationally intensive for assemblies containing large quantities of particles [17].

To investigate the particle movements within the drying apparatus, we used the academic version of the
EDEM 2.7 discrete element software. During the simulations, we consistently employed the "Hertz-Mindlin
with no slip” contact model for calculating the contact forces between particles. The specified material
characteristics and contact properties significantly influence the magnitudes of the normal and tangential
force components. When using the mentioned contact model, the normal and tangential components of the
forces can be calculated as follows:

4 3 5 InC
E, = §E082\/R_0 — Zj;—mvz%il R06\/m_0vnrel'

Fy = =8Go+/Ro66; — v 2604\/ R05\/m_0vtrelr

) 5 InC,
6./In2C, + m2

_a,2
=1 gives us the reduced elastic modulus E,. The normal overlap & plays a significant

1 1-v3

where — = — 4 %2
Eg Ey E;

role in the calculation of contact forces and can be determined as follows: consider two particles labeled i

and j, with centers at positions x; and x;, and radii R;and R;. Then, § = R; + R; — (x; — x;). The reduced

. . R4R . ..
radius in can be calculated as R, = ——2, and the reduced mass is similarly calculated as my = —+—2-,
Ri+R, my +m;
. . . . 1 2— 2—
Finally, v, represents the normal component of the relative velocity between the particles. == le + sz
0 1 2

and ¢, is the tangential deformation.

The normal E, and tangential F, force components between particles are related by Coulomb's law, such
that F, = ugF, , where y, is the coefficient of static friction. This relationship ensures that the tangential
component cannot exceed the normal component.

In addition to the forces acting on the particles, the torque arising from these components can also be
defined. The rolling torque M, is given by M, = —u,.FyR;w;, Where R; denotes the distance between the
centroid of particle i and the contact point, w; is the unit vector in the direction of the angular velocity vector,
indicating the rotation direction of particle i, and u, is the coefficient of rolling friction. Similarly, the torque
M, due to the tangential force component F, can be determined as M, = F;R;.

During the simulations, the motion of each particle can be determined using the principles of linear and
angular momentum. This defines a system of differential equations that can be solved numerically using
many small time steps. The choice of the time step has a significant impact on the results and their accuracy.
In my simulations, | used 25% of the Rayleigh time step (T) for the time increment (6t), that is:

2
5t = 0,25T = 0,25 (0.1631v + 0,8766) 7R <g—p> .
p

We have created the geometric model of the discharge opening and bottom lamellae (both straight and
cycloidal case) of the drying apparatus (Figure 6.) for performing discrete element numerical simulations.
The details of the model, boundary conditions, determination of micromechanical properties, and their values
can be found in reference [18].
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Time: 1.75 s

Figure 6. Discrete element model of the drying apparatus

Instead of studying velocity unevenness, in DEM investigations, we shifted our focus to examining the
unevenness of the displacement field (Figure 7.):

E _ Ymax — ymin.

ymax

y:n.l\\ —

Figure 7. Determining flow unevenness from the displacement of particles

Based on analytical considerations in our earlier work, we demonstrated that cycloid-shaped vanes cause
less flow unevenness.
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a., straight lamella b., cycloidal lamella
Figure 8. Flow unevenness of different lamella geometries

Figure 8. shows a comparison of the uniformity of material flow. We can see the distortion of the originally
horizontal striping after the same amount of time for both straight and cycloidal lamella cases. It can be
observed that in the case of cycloidal lamella, this unevenness is much smaller. We also examined the value
of flow unevenness for different particle-particle friction and wall friction values.

6. Results

To analyze the difference between the two types of lamella geometry, we introduced the flow unevenness
difference as

A= fstraight - fcycloidal

fstraight

As we can see on the following figures (Figure 9. and Figure 10.), the cycloidal lamella gives better results
for all practically possible particle - wall and particle — particle friction values.

This result remarkably demonstrates that results developed through classical mechanical methods for the
motion of a single particle remain applicable to some extent even when dealing with interactions among a
large number of particles.
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Figure 9. Flow unevenness difference as a function of particle — wall friction
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Figure 10. Flow unevenness difference as a function of particle — particle friction
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From the above diagrams, we can see that the cycloidal-shaped lamella design ensures less flow velocity
unevenness in all cases. Its effect on improving the flow pattern is particularly pronounced in cases of high
internal friction (contamination).

7. Conclusions

To characterize the unevenness of material flow (by examining the movement of a designated strip in the
material mass), we introduced the unevenness factor & Using experimental investigations and numerical
simulations, we demonstrated that the value of wall friction has a significant impact on the unevenness of
material flow. Using experimental investigations and numerical simulations, we also demonstrated that the
value of friction between particles has a significant impact on the unevenness of material flow. Using
experimental investigations and numerical simulations, we showed that it is advisable to use cycloidal-shaped
lamella in drying equipment. The cycloidal lamella resulted in a better unevenness factor for all particle-wall
and particle-particle friction coefficient values we examined. To analyze the difference between the two types
of lamella geometry, we introduced the flow unevenness difference. Its use enabled the quantitative
determination of the results.

We found, that the flow unevenness difference as a function of particle-wall friction can be approximated
with the polynomial equation

A= —53.301u* + 74.758u3 — 38.2654% + 6.7396p + 0,1993

within the interwall of particle — wall friction from 0 to 0.5. As the function of particle — particle friction
we got a much simpler linear correlation:

A= 0.7561u + 0,3066

within the interwall of particle — particle friction from 0 to 0.5.

Even though these two results provide an empirical formulation of the relationship between friction
coefficients and the unevenness of material flow, they are surprisingly accurate in predicting the
phenomenon. They can provide valuable insights into improving the understanding of the operational
processes of drying equipment.
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Abstract: Towards the middle of the XXI. century, environmental protection is becoming more and more of
a focus in the world. According to not only environmentalists but also many politicians, economists, and
even historians, the biggest threat to the world is environmental pollution and climate change caused by
global warming. Accordingly, the development of environmentally friendly technologies, which does not
only apply to the automotive industry, is also in full swing in the transport industry. Much attention is paid
to reducing the environmental burden of shipping as well. This is all the more justified since nowadays, the
most common ship fuel, the so-called heavy oil, contains 3500 times more sulfur than conventional diesel
fuel. Accordingly, there are now floating hotels operating around the world that use LNG as a green fuel. In
this article, we try to collect the literature strongly related to the topic in order to develop detailed technology
in our further work.

Keywords: shipboard waste, waste utilization, MARPOL convention, Rankine-Clausius cycle, heat
treatment technologies

1. Introduction
1.1. Concepts of waste and its utilization

Defining waste involves many difficulties. On the one hand, waste is a set of substances that are created
during many human activities, so their physical and chemical properties can be different. And on the other
hand, waste management is one of the youngest areas of environmental protection, so its legal background is
constantly changing [1]. The nature of waste is not directly an environmental concept but rather an economic
and legal formulation [2]. As a result, in practice, there are definitions that need to be explained or
supplemented. Certain terms are not clear, so their redefinition is inevitable in future legislation. In addition,
several definitions are known in international practice that accurately interpret each type of waste, so their
introduction in Hungary is becoming more and more urgent. This subsection provides a brief overview of the
world and interpretation of the basic concepts of waste management.

We use several definitions to define waste. In a more general sense, "waste is a substance, product, residue,
object, isolated pollutant, contaminated area, which cannot be used or sold directly by their owner, and which
must be treated separately” [1].

According to this formulation, waste is a completely unnecessary set of materials for the owner which
cannot be utilized. Since most waste contains recoverable components, it is justified to modify this definition.
The official concept of waste is much simpler than this. CLXXXV of 2012 on waste. (Section 2, paragraph
(1), point 23) waste is defined as "any substance or object that the owner throws away, intends to throw away
or must throw away". This wording is very simplistic, but it also includes materials and objects that are not
considered waste under any circumstances. In international practice, components suitable for energy
production are called RDF (Refuse-Derived Fuel) or SRF (Solid Recovered Fuels), i.e. waste-derived fuel or
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alternative fuel [3], [4], [5].
1.2. Integrated waste management pyramid

The waste pyramid establishes a hierarchical ranking in terms of waste management (Figure 1.).

most prevention
favoured

option minimisation

reuse

least recycing
favoured

option energy recovery

disposal

Figure 1. Integrated waste management pyramid

From an environmental protection point of view, prevention is the most important thing because if no waste
is generated, then we don't have to think about further treatment. Nowadays, it is difficult to imagine a
production or consumption process that produces or uses products without generating waste. Consequently,
the principle of minimization should be applied, which aims to formulate the maximum possible recycling
of waste and by-products generated during the production process [3]. During production, auxiliary streams
are used to maximize the incorporation of raw materials into the final product, thereby ensuring that waste
generation is minimized.

2. Materials and methods
2.1. The MARPOL convention

The purpose of the MARPOL 1973/1978 Convention (International Convention for the Prevention of
Pollution from Ships) is to protect the marine environment and prevent pollution caused by ships at sea. The
convention, which is mandatory for all seagoing vessels over 500 GT participating in international trade,
covers the management of the following potential hazards and sources of pollution:
Annex I: Regulations for the prevention of oil spills
Annex II: Provisions for the prevention of contamination caused by bulk liquid toxic substances
Annex lll: Regulations for the prevention of pollution caused by packaged hazardous materials
transported by sea
Annex IV: Regulations for the prevention of pollution caused by wastewater generated on ships
Annex V: Regulations for the prevention of pollution caused by household and other waste on ships
Annex VI: Air pollution caused by ships
Especially highlighting Annex IV., as it is the most important in relation to our work.
Wastewater:
a) drainage and other waste from any type of toilet, urinal and toilet sink;
b) drainage from the medical rooms (pharmacy, patient bay, etc.) on the wash basins in such rooms,
c¢) removal from places containing live animals;
d) other wastewater if it is mixed with the above drains.
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2.2. Energetic utilization of waste

Utilization for energetic purposes in the narrower sense means the production of electricity and heat; in
addition, it is advisable to list the production of mechanical energy as a viable energy type because biofuels
are increasingly important in addition to power plant energy consumption. Thermal waste management
technologies are used to utilize waste for energy purposes. In international practice, the term energy from
waste (WtE) is widespread and includes all processes that enable the recovery of the amount of energy in
waste in the form of useful heat and/or electricity [6], [7].

Depending on their composition, we use different types and temperatures of waste treatment (Figure 2.).
Processes that also take place at normal atmospheric temperatures are classified as traditional technologies.
The most well-known traditional technology is fermentation, which results in the biological degradation of
devices. The final product in the form of gas is biogas, which can be used to replace natural gas. Many
technologies can be used to separate carbon dioxide from biogas and other energy-neutral gases; after
removing these gases, we get so-called biomethane of the same quality as natural gas. Biomethane can be
introduced into the natural gas network if it complies with MSZ 1648:2000.

Waste; biomass

Incineration Biofuel

l

Pyrolysis
= : Methanol. ethanol
Gasification Biodiesel
Svnthesis gas
Plasma technology Biogas |
l Plac based ol
\ \ Combined
®  Electricity production
g Heat Droduction Fe rmenti ng
e (Cogeneration < '

Figure 2. Possibilities of using waste for energy purposes

Thermal technologies can be divided into two main groups. The first group is represented by basic
technologies. The most well-known technology is traditional incineration, where the calorific value of the
waste is extracted simply by incineration and used in the form of heat and/or electricity. During combustion,
non-combustible flue gas and ash are formed in the solid phase, and their release into the environment leads
to the deterioration of air quality.

New technologies such as pyrolysis, gasification and plasma technology, as well as their combinations,
make it possible to produce a gaseous energy carrier (wood gas) from solid biomass. In addition to the gas
phase, pyrolysis still produces combustible carbon dioxide-rich pyrocoke and pyrrole oil, which can be used
for power generation or further gasification in coal and oil power plants. During gasification, the solid final
product is the slag and ash produced during combustion. Among the new thermal technologies, plasma
technology should be prioritized because the solid phase here is vitreous slag (glass slag), a product that is
completely indifferent to the environment, particularly suitable for construction use. Keeping all of this in
mind, plasma technology achieves the complete disposal of waste while recovering energy, but it requires
electricity for its operation, which reduces the energy efficiency of the technology [8], [9].

In addition to traditional incineration, alternative technologies produce useful products that can be used
with favourable efficiency in the energy, chemical and construction industries, among others. Nevertheless,
more than 95% of thermal waste treatment plants today use traditional incineration technology [8]. The
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biggest electrical disadvantage of this technology is the low electrical efficiency. During the implementation
of the Rankine-Clausius cycle (Figure 3.), the available net electrical efficiency is usually between 19 - 27%
[10].
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Figure 3. Rankine-Clausius cycle

On the other hand, new thermal technologies represent the first step in converting waste into high-energy
synthesis gas, which can operate in a diesel cycle, gas engine or gas turbine with a net electrical efficiency
of up to 35% [11], [12]. With this solution, the specific electricity production can even be doubled,

2.3. Composition of shipboard waste

EMSA assists the European Commission in the work of the possible revision of Directive 2000/59/EC [13]
on port reception facilities for ship-generated waste and cargo residues, also known as the PRF Directive.
One issue raised is the amount and management of ship-generated waste (SGW) on board ships. The relevant
literature is out of date and does not reflect new developments in waste treatment and management. Better
information on the volume of waste generated during voyages, waste management practices on board ships,
and waste discharged at ports would help regulators, ports and waste managers plan for waste reception and
transport.

2.3.1. Oily bilge water

A bilge is a mixture of liquids that collect in the bilge of a ship. It comprises a mixture of fresh water,
seawater, oil, mud, chemicals and various other fluids that lead to the water house. Seawater and freshwater
can enter the deck water well from the engine room or engine room due to deck drains, piping leaks, and
pump and valve gland leaks.

Bilge water is produced by condensation, seepage and cleaning. As a general rule, bilge water contains oil
from the engine room; hence the term "oily bilge". Fluid entering the bilge system, including bilge wells,
bilge lines, tank top or bilge holding tanks, is classified as oily bilge water [14], [15], [16], [17], [18]. All
boats have oily bilges, although recreational boats have a minimal amount.

Although there are many technologies for separating water and oil, such as absorption/adsorption,
biological treatment, coagulation/flocculation, flotation and membranes, the most commonly used
technology for ship inspections is oil-water density differences is based on. This type of treatment can reduce
the amount of bilge water by 65-85%.

MARPOL mandated that all ships over 400 gross tons (GT) must be fitted with equipment to limit the
release of oil into the oceans to 15 ppm when a ship is underway. They must also have an oil content monitor
(OCM) and a bottom alarm to determine if the treated bottom water meets the emission requirements.

2.3.2. Oily residue (sludge)

Oil residue (sludge) is waste from the cleaning of fuel or lubricating oil, or oil collected in oil water
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separators, oil filter equipment or drip trays, and waste from hydraulic and lubricating oils [19].
Sludge is usually collected in a sludge tank, waste fuel tank, waste oil tank, or lube oil or fuel oil drain tank.
It can then be transferred directly from the tank to a port receiving facility.

The amount of sludge from lubricating oil depends on the type of lubricating oil and the consumption of
lubricating oil. It is usually several orders of magnitude less than the oil residues in the fuel. Thanks to the
automatic lubrication system, usage can be reduced by 70% [20], [21].

Oil sludge is the residual waste from fuel consumption. Treatment of oily sludge can be achieved by
evaporation and/or incineration. Most of the sludge is stored and disposed on PRF without treatment.

The generation of oily sludge water depends on many factors, including the type and amount of fuel. Ships
produce 0.01 - 0.03 m® of sludge. Evaporation can reduce the amount of sludge by up to 75% while burning
the remaining sludge by 99% or more.

2.3.3. Oil tank washing

Cargo tanks in oil tankers must be cleaned before new cargo incompatible with the previous cargo is loaded
or before dry docking. Tank cleaning can be done by spraying with crude oil (crude oil wash or COW),
seawater or fresh water and cleaning agents. The former does not produce waste because the remains are
converted into useful cargo.

Regulation 34 of MARPOL Annex 1 allows controlled unloading if the ship is en route, not in a special
area and more than 50 nautical miles from the coast. The water fraction has a maximum volume of 30 litres
per nautical mile. If the vessel has an Oil Discharge Monitoring and Control System (ODMCS) and a slop
tank, no additional requirements are required for discharges at sea. [22], [23], [24], [25]. Unlike the discharge
of bottom water to the sea, no ppm limits are required for the disposal of sedimented slopes, and therefore,
oil water separators are not usually used. The total amount of oil discharged into the sea shall not exceed
1/30,000 of the total amount of the cargo, the remainder of which is intended for tankers built/delivered after
31 January 1979.

2.3.4. Sewage

Sewage is any form of drainage and other waste from toilets and urinals; water drainage from medical rooms
(office, patient room, etc.) through the sinks, bathtubs and drains located in such rooms; drainage from spaces
containing live animals; or other wastewaters, if mixed with the channels defined above [26], [27]. This is
commonly referred to as "black water". It does not include greywater, which is the drain from dishwashers,
showers, laundry, bathtubs and sinks [28].

MARPOL 1V prohibits the discharge of sewage into the sea unless the ship has an approved sewage
treatment plant or the ship discharges the shredded and disinfected sewage more than three nautical miles
offshore using an approved system nearest land. Unshredded or disinfected sewage may be discharged more
than 12 nautical miles from the nearest land.

The size of the tank should take into account the capacity to hold all the sewage, the operation of the vessel,
the number of persons on board and other relevant factors. The storage tank must have means of visually
indicating its contents.

The storage tank can also be used to collect grey water and/or galley water. However, grey water is not
always piped to the tank and is sometimes stored in separate storage tanks. Grey water can sometimes be
discharged directly into the sea or must be mixed with the wastewater to be treated. It can also be recycled
into the toilet flushing system.

About a quarter of cruise ships have installed an advanced wastewater treatment system (AWTS), which
mixes and cleans grey and black water and produces a bioresidue or sewage sludge that must be preserved
for discharge ashore [29]. It is common on cruise ships to have a separate tank for galley water, which is
emptied in accordance with food waste regulations. It is common for cruise ships to chop, mix and disinfect
the water before it is released into the sea.

The main factors of the amount of wastewater are:

- number of crew and passengers;

- type of toilets: flush toilets produce a larger amount of wastewater than vacuum toilets;

- the length of the trip;

- the type of treatment: the presence of a sewage treatment plant or a shredding and disinfection system
ensures different amounts of waste.
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The amount of wastewater produced in the sewage depends on the size of the ship and the technology used
[30].

2.3.5. Plastic

Plastic waste can be generated in all types of containers and often originates from domestic provisions and
supplies used for shipboard operations.

Plastic waste typically includes sheets, packaging, bottles, cans, synthetic ropes, synthetic fishing nets,
plastic trash bags, and empty chemical cans.

Plastics on board can be handled in two ways: they are stored separately (compacted or otherwise) and
transported to the PRF, or they can be incinerated, and the ash treated as incinerator ash. Incineration is
restricted by MARPOL VI. Regulation 16 prohibits the burning of polyvinyl chloride (PVVC) on board ships,
except in shipboard incinerators for which an IMO-type approval certificate has been issued in accordance
with MEPC.244 [31], [32]. Burning plastics with PCBs is always prohibited.

According to the literature, each person produces 1 kg of solid waste per day, and other sources give an
estimate of 3 kg/day for staff members [33]. Maintenance-related solid waste is 11 kg/ship-day for all ships
[34].

These estimates are not specific to plastic waste but are on the order of 0.06 - 0.2 m® per person per day
and 0.7 per day [35].

2.3.6. Food waste

Food waste is generated on all kinds of dishes in the kitchen and/or restaurant. The IMO defines this as any
spoiled or intact food material and, including fruit, vegetables, dairy products, poultry, meat products, and
food scraps generated on board. However, onboard large ships (cargo and cruise ships), sometimes a
distinction is made between soft organic food waste (shells, leftovers, etc.) and hard organic (bone) and
packaging (even though the packaging is not food waste according to Annex V of MARPOL). This separation
is not based on regulation but comes from practical management on board ships.

Organic food waste can be discharged directly into the sea 12 km from the nearest land or shredded and
then discharged into the sea 3 km from the nearest land (12 km in special areas).

Ships that generate a lot of food waste (e.g. cruise ships or work ships) should sometimes be dried to reduce
odours and reduce the risk of rotting [36].

Solid organic waste, waste from plates and packages, is collected in bags and bins and disposed of in port
reception facilities [37], [38]. In some cases, this is delivered to the household waste category instead of food
waste. Regarding the treatment of food waste, we found no difference between cruise ships and normal cargo
ships. The exception is that cruise ships usually have galley waste tanks that are emptied under the same
regulations as food waste and/or greywater.

2.3.7. Household waste

Household waste is any waste that originates from the domestic spaces on board the vessel and is not food
waste, cooking oil or plastic. The IMO defines this as “all other waste generated in the accommodation spaces
on board a ship, not covered by another Annex. Household waste does not include greywater. "Household
waste is therefore typically paper, cardboard, fluorescent tubes, synthetic material, foil, metal cans, lids,
glass, chamber packaging waste and so on. Domestic waste is generated on board by crew and passenger
accommodation and is generated on all types of ships. Waste minimization measures are mostly found on
cruise ships to reduce the amount generated inland. [39], [40]

2.3.8. Cooking oil

Cooking oil waste is produced on board during food preparation and is produced in most types of ships. In
most cases, cooking oil is collected and delivered to the PRF. In some cases, they are burned. On some ships,
it was customary to mix cooking oil with sludge and treat it as sludge. However, MEPC 68 decided that this
was inconsistent with MARPOL Annex V [32].

Large cruises have a separate tank for storing large-capacity (up to 1000 m3) cooking oil. The used oil is
sold in the port, and e.g. biofuel production.
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2.3.9. Operational waste

Many different types of waste are classified as 'operational waste'.

Most ships include engine room waste such as oily rags and batteries in this category, but it can also include
other waste from ship operations such as old ropes, glassware, wood, washing machines, debris, refrigerators,
aerosols, ladders, fireworks and flares, chemical residues, asbestos and paint. Therefore, some of these wastes
must be classified as hazardous materials. Some ships also report cargo handling waste in this category, such
as wooden pallets, storage materials and rubber gloves.

On other ships, the category is used for other household waste, such as fluorescent lamps, torn work clothes,
etc. [19], [41].

2.3.10. Cargo residue

MARPOL Annex V defines cargo residues as “remains of all cargo not covered by other Annexes of the
Convention which remain on board or in a hold after loading or unloading, including loading or unloading
excess or spillage, whether wet or dry or in washing water, but does not include cargo dust left on deck after
sweeping or dust on the outer surface of the ship" [41].

Cargo residues can remain in the corner of the hold or in other places that are not accessible during
unloading and are highly dependent on the efficiency and methods of unloading the cargo.

2.3.11. Ozone-depleting substances

MARPOL VI. Its annex defines ozone-depleting substances as controlled substances listed in Annex A, B,
C or E of the then-current Montreal Protocol on Substances that Deplete the Ozone Layer, as defined in
Avrticle 1(4) of the 1987 Montreal Protocol on Substances that Deplete the Ozone Layer. The application or
interpretation of Annex.

Examples include Halon 1211, Halon 1301, Halon 2402, CFC-11, CFC-12, CFC-113, CFC-114 and CFC-
115 [19], [41].

Substances that deplete the ozone layer are used on board ships in air conditioning or refrigeration
equipment. They can also be placed in mobile devices (refrigerators, mobile air conditioners).

Equipment containing ozone-depleting substances produces ozone-depleting substances during renovation,
but this is likely to be removed by repair companies.

2.3.12. Other uncommon waste streams
Dirty ballast water

Ballast water is carried in ships' ballast tanks to improve stability, balance and equipment. If oil tanks are
used to transport ballast water, the water is contaminated with oil and is classified as waste in MARPOL
Annex | [26].

It is very rare to produce oily ballast water on board. A likely waste from onboard ballast water operations
is when sediment in the ballast water tank needs to be removed during a port state control tank integrity
assessment or when the ship needs to treat its ballast water and is unable to do so. Both of these circumstances
are very rare, and in such circumstances, the ports are likely to put the ship in touch with specialist waste
management contractors.

Animal carcasses

Animal carcasses are the remains of deceased livestock. The discharge of animal carcasses is allowed only
outside special areas, as far as possible from the nearest land and on the road. So, the possibility of disposal
of animal carcasses is to release them into the sea or transport them to the PRF. If the vessel has adequate
storage space on board, a limited amount of carcasses can be stored for a short time before unloading. In case
of health and safety threats, it is recommended to release it into the sea, but more than 12 km from the nearest
land. Before release into the sea, animal carcasses must be dismembered/shredded or treated to facilitate the
sinking or dispersal of the carcasses [41].
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Fishing equipment

Fishing equipment waste is generated when fishing equipment wears out and tears beyond repair. It only
occurs on fishing boats.

2.4. Heat treatment technologies

Heat treatment technologies are operations that are suitable for transforming waste awaiting disposal into a
product or energy with more favourable properties from certain points of view. The main end products of the
applied processes are gaseous and solid materials [9].

Heat treatment technologies are usually compared based on their typical reaction conditions. One of the
most important reaction conditions is the applied temperature, which provides preliminary information on
the impact of the technology on the environment and the costs of the investment. The higher temperature
requires the use of special materials, metal alloys and technical ceramics, which leads to a significant increase
in costs. The most decisive factors in investment costs are operating temperature and pressure.

The second and most important reaction condition is the excess air factor. This characteristic partly shows
the chemical composition and specific quantity of the emitted gas product. In the case of perfect combustion,
we must expect a significant air surplus (a surplus of air greater than one), which directly increases the
amount of flue gas emitted (containing more air) and indirectly - through the flue gas cleaning system - the
investment and operating costs.

The third reaction condition is the operating pressure, which determines the relationship between the
reactions. It plays an important role in the chemical composition of the resulting gas product and is a
determining factor in investment costs.

The fourth reaction condition involves the type of auxiliary currents. The auxiliary flows can be divided
into two groups; on the one hand, we distinguish material flows and on the other energy flows. The auxiliary
gas used affects the composition, handling, and physical and chemical properties of the final products
obtained.

2.4.1. Basic technologies

Table 1. Typical reaction conditions of thermal treatment technologies

Temperature el
Proceedings [E C] Excess air factor pressure Auxiliary currents
[bar]
. _ A=0 p<1bar -
Pyrolysis 300-600(1,600) endothermic p>1 bar nitrogen
Pyrolytic-gassing 800—1,000°C 0<A<0.5 p > 1 bar air, water vapour
Azl air, natural gas
Traditional firing 850—-1,200°C 1.L1<AZ25 p=>1 bar | ’ E .
exothermic supplementary heating
A<l 1 <p<20 air, water vapour, CO»
Gasification 600—1,600 0.5<A<0.8is _tr))aF and O, mixture, a
partial oxidation combination of these
B air, water vapour, CO-
Plasma technology 2,000-6,000 A=0.5 . l=p=20 and O, mixture, a
endothermic bar L
combination of these
Reference: Natural
gas-powered gas 6001200 Lol 0= 1 bar air
engine torus power exothermic
plant

The basic technologies are all thermal treatment technologies, during which the waste undergoes chemical
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changes that cause the decomposition of individual components and the evaporation of volatile compounds.
The basic technologies differ in their characteristic reaction conditions. In a basic technology, the
characteristic chemical reactions are decisive, but different processes can also take place, which influence
the composition of the resulting gas product. If the chemical reactions characteristic of different technologies
take place to a similar degree within a device, then we are talking about a single-step or process-integrated
combined heat treatment technology.

Tables 1. and 2. show the typical reaction conditions of the basic technologies, as well as the final products
produced and the type of power plants used. The names of the residues generated after energy production are
also indicated in the tables [8], [9], [10], [42], [43], [44].

Table 2. Products of thermal treatment technologies and the used power machines

Emerging product Eastern end product

Proceedings Power machine

before power machine after power plant
. il .
Pyrolysis pyrogas, pyro otl, gas engine, gas
yIow pyrocoke turbine, diesel e g (<5
o rogas, less engine, steam ue gas (<5 7o
Pyrolytic gasification Bzrogoke and oil boiler-steam turbine combustible), slag,
ashes, cinders
. .. fuel, steam boiler
Traditional firing waste ! steam turbine
Gasification synthe3|_s gas, slag, gas turb_me,
ashes, cinders gas engine flue gas (<5 %
i combustible
Plasma technology 3’;32?;5 gas, glass gas turbine, gas engine )
Reference: Natural .
gas-powered gas natural gas 2 gas turbine, gas flue gas (<3% CH4
. engine content)
engine power plant
Notes:

Lis not the product of the technology, but the raw material entering the technology, which is the same for
all technologies
2at the reference power plant, the fuel is natural gas instead of waste

Traditional combustion

Conventional incineration is a technology that allows simple burning of the amount of energy contained in
waste and fuel [45]. During the combustion process, we can utilize the so-called reaction heat released as a
result of the chemical reactions taking place, which corresponds to the calorific value of the waste.
Combustible materials in the waste are sufficient under appropriate conditions [42]. Waste incineration is a
heat-generating, i.e. exothermic, process where the amount of oxygen required for perfect combustion can
be provided with a sufficiently high air surplus. During incineration, the organic components of the waste
react with the oxygen in the air to form gases and water vapor and leave the flue gas as flue gas [46].
Incombustible inorganic materials, such as ash, slag, and fly ash, usually remain in a solid state [47]. Due
to the diversity of waste, different types, chemical compositions and states of materials must be burned,
which makes the burning process complex. A number of conditions must be met to achieve perfect oxidation.
29/2014 on the technical requirements, operating conditions and technological emission limit values of waste
incineration. FM regulation provides. The decree stipulates strict conditions for the placement of waste
incinerators. The regulation covers the temperature and residence time of the flue gas leaving the combustion
equipment. In order to satisfy the conditions, the flue gas is led to an afterburner, where the remaining
combustible material is burned, so the combustion is completed. The required temperature in the afterburner
is usually 850 °C, or in the case of hazardous waste, the temperature 1100 °C can only be reached with the
help of a supporting burner. The large amount of secondary air introduced into the chamber mixes with the
flue gas in a turbulent flow, resulting in significant heat loss, which is why a heat supply is needed. In order
to achieve mixing and burnout, the residence time is a minimum of 2 seconds. For the perfect, soot-free
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combustion of hydrocarbons and plastics, the residence time of 2 seconds is usually short [42], [43.].
Pyrolysis

Pyrolysis is a process based on the thermal decomposition of organic matter, which takes place with the
complete exclusion of oxygen. The treatment of organic waste includes transformation by chemical
decomposition under the influence of heat, usually under pressure, usually under pressure [6], [7], [48], [49].
During the treatment, a gaseous energy carrier is released, which is called pyrolysis gas or pyrogas. Pyrogas
IS a gas mixture rich mainly in carbon monoxide, hydrogen and methane, the heating value of which can be
close to that of natural gas. It may also contain energetically inert components, especially carbon dioxide and
water vapour [10], [50], [51], [52]. Utilization of gas products in power plants are primarily advisable in a
gas turbine or gas-fired systems, which makes it suitable for replacing natural gas-fired power plants [31],
[51].

In the solid phase, pyrolysis coke, or coke for short, remains, in which the carbon content of the given waste
is enriched [9], [53], [54]. The energy produced in this way can be used to replace coal in ironworks, cement
production and coal-fired power plants. In the case of waste contaminated with heavy and light metals, the
metals usually remain in the solid phase, so the pyrocoke must be further treated in order to recover it [55].
Pyrolysis, like traditional burning, is one of the heat treatment processes, but we are basically talking about
two different processes. Combustion requires three basic things: combustible material, oxidizing material,
and heat. In contrast, pyrolysis requires only combustible material and heat [56.]. Pyrolysis is an umbrella
term that includes several technologies. The main purpose of a very low temperature (<300 °C) process such
as torrefaction is to remove volatile compounds from the fuel and reduce moisture content, thereby increasing
the energy density of the remaining solid product.
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Figure 4. The principle structure of the zones formed in an upper outflow gasification reactor
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Gasification is one of the oldest processes for converting solid fossil and renewable energy sources into
combustible syngas and liquid fuels. Gasification was first used by Thomas Shirley to produce hydrogen in
1659. The first patent was filed by Robert Gardner in 1788, marking the beginning of the spread of
gasification. Gasification is a process based on the rapid thermal decomposition of materials by partial
oxidation, which thus requires less oxygen than the theoretical amount of oxygen required for perfect
combustion [46]. During the partial oxidation of the organic compounds in the raw material, synthesis gas is
released, which can be used either as a raw material, in chemical syntheses or as a fuel [55], [51.]. Due to the
sensitivity of the process, it is important that the characteristics of the fed waste (size, moisture content,
consistency) remain within certain predetermined limits [43]. The effect of sensitivity is typically manifested
in energy and environmental efficiency.

In addition to waste management, the main goal of the process is the highest gas emission, which is
accompanied by the achievement of optimal energy efficiency. The synthesis gas produced during
gasification is a gas mixture rich in hydrogen and carbon monoxide, which, depending on the gasification
medium, may also contain other energetically neutral components. Gasification is not an independent
technology, as both pyrolysis and the combustion zone are formed in the reactor designed for this purpose.
However, the name is correct because the reactions taking place in the case of thermodynamic equilibrium
result in a self-sustaining process, except for radiation losses [6]. The relative location of the zones and the
flow direction affect the chemical composition and temperature of the resulting synthesis gas [7], [57].
Figures 4. and 5. illustrate the basic structure of the reactor in two versions [7], [58], [59].
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Figure 5. The principle structure of the zones formed in a bottom outflow gasification reactor

Plasma technology

To understand how plasma technology works, it is helpful to first define the concept of plasma. Plasma is an
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ionized gas formed by a high-current electric arc between electrodes in an inert gas stream. During the
process, the charged electrons leaving the cathode excite the atoms and particles in the arc. The excitation
causes a light phenomenon called an electric arc. Due to the large flowing currents, the materials enter the
plasma state, which can be considered the fourth state [60], due to the high temperature of the arc space. In
the case of plasma technologies, the core temperature would normally be between 3000 and 5000°C, but up
to 30,000°C could be achieved [60], [61].

The temperature of 5000°C is also a significant problem, as it requires expensive technical ceramics and
metal alloys [45]. At this temperature, waste components, such as toxic substances, break down into their
components. Above 5000°C, chemicals and toxic gases (dioxins and furans) completely decompose.
Substances harmful to the environment are produced only in small quantities or not at all [62]. Although this
is a common commercial technology, the process is extremely complex and expensive and requires the
involvement of a skilled operator [42], [57]. Figure 6. illustrates the structure and operation of the plasma
reactor through the material flows. The reactor provides overcurrent and countercurrent operation.

WASTE

Syngas Syngas

Aux. gas Aux. gas
Torch gas Torch gas
Molten slag

Figure 6. Construction and material flows of a plasma reactor

The operating pressure affects the nature of the reactions taking place and, through this, the composition
and calorific value of the synthesis gas produced [31].
1. Disadvantages of plasma technology [9], [10], [62], [63], [64], [65]:
- In plasma-based processes with lower temperatures (below 2000 ° C), gas purification is more
complex and complicated.
- The most heavily polluted washing water produced during the application of the technology must
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also be treated in a complex manner.

- Compared to combustion, there is a greater possibility of the formation of imperfect combustion
products that are difficult to decompose.

2. Environmental advantages of plasma technology [9], [10], [62], [63], [64], [65]:

- It does not require pre-sorting of the waste, so regardless of its composition, it can be sent mixed.

- Inorganic wastes partially decompose, partially melt and vitrify.

- Organic materials are completely decomposed.

- Halogens are chemically bound to the resulting glass and do not dissolve from it.

- The strong ultraviolet radiation emitted by the plasma accelerates the decomposition of chlorine-
containing organic compounds.

- The ultraviolet radiation generated in the plasma space gets "stuck™ in the plasma arc, thereby
causing additional excitation, which increases with increasing temperature.

3. Technical and economic advantages of plasma technology [9], [10], [62], [63], [64], [65]:

- Due to the high temperature, plasma technology can be effectively used to break down all types of
waste (dangerous, toxic, deadly).

- The process takes place in a completely closed space, so no harmful substances enter the
environment.

- The by-products of the process are harmless and can be used as raw materials in the metallurgical
and construction industries.

- The reduction in the amount of waste is 300:1 compared to conventional incineration, where this
ratio is only 5:1 (for solid waste) due to the large amount of ash.

- The maximum daily capacity of plasma technology is up to 500 tons/day.

- Machines using plasma technology are computer-controlled, silent, and can be stationary or mobile.

- During the application of plasma technology, impurities entering the slag, such as mercury,
cadmium, sulfur, various dioxins and heavy metals, can be significantly reduced by using special
washing water, dry washers and filters.

Combined technologies

Combined heat treatment technologies are alternative solutions created by combining basic technologies.
The purpose of these technologies is to eliminate the disadvantages of the underlying technologies and
combine their advantages. The most common reasons are to reduce investment and operating costs, increase
energy efficiency and improve environmental performance.

3. Conclusion

In the study, we summarized the possibilities for the utilization and destruction of waste. In the first part, we
studied the utilization and grouping of waste. We examined the legal background and regulations of waste
management and disposal, as well as land and settlement regulations (Hungarian and international), as well
as maritime and shipping regulations. Afterwards, we studied the disposal of waste and the composition of
the waste generated on the ship.

The technology we have designed reduces the moisture content of very mixed waste below 15 m/m%, after
which we obtain a material that is easy to handle and suitable for further utilization(s). The utilization,
destruction and use of this material can be decided after various chemical analyses. Recyclability and
environmental protection are the primary considerations, taking into account the quantities generated on
ships. According to our plans, with the technology, we can reduce the amount of hazardous substances
produced and increase the recyclability of waste. The project (2019-1.1.1-PIACI-KFI-2019-00320) aimed at
the development of a product and technology that complies with current shipping regulations and offers a
new and efficient solution for the treatment and disposal of wet waste generated on board ships.
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Abstract: This study investigates the enhancement of thermal management in photovoltaic (PV) systems by
implementing a modified setup with copper pipes and an aluminium-based adhesive to boost thermal
conductivity. Conducted over a four-month period at the Hungarian University of Agriculture and Life
Sciences, the research examined the impact of varying cooling flow rates, insulation levels, and inlet
temperatures on the working temperature of a modified PV system. Findings demonstrate that full insulation
significantly raises working temperatures up to 67%, while lower inlet temperatures and increased cooling
flow rates effectively decrease them to 11,54% and 18,97% respectively. The results suggest that optimizing
thermal management can enhance PV efficiency in high-temperature environments, promoting the system's
resilience and efficiency in diverse climatic conditions.

Keywords: photovoltaic systems, radiation, insulation, inlet temperature, flow rate

1. Introduction

As the global demand for sustainable energy continues to rise, solar photovoltaic (PV) technology remains a
vital component of the renewable energy landscape. However, the efficiency of PV systems is significantly
influenced by various environmental factors, particularly temperature. Managing these factors effectively is
crucial for optimizing the performance of solar cells and maximizing energy output. Typically, solar panels
are produced under standard test settings (STC). These parameters specify that for every one degree increase
in temperature, the efficiency of the PV panel decreases by 0.004-0.005 % [1]. Al-Ghezi et. al. investigates
the impact of solar radiation and operational temperatures on photovoltaic (PV) panels, employing both
PVsyst simulation software and outdoor experiments [2]. The results indicate that elevated operating
temperatures have a detrimental effect on the performance of the panels. Specifically, a 1°C rise in
temperature leads to a slight increase in current (approximately 0.068%), but results in a decrease in voltage
(around 0.34%), output power (about 0.489%), and efficiency (approximately 0.586%). And the other hand
Ale et. al. demonstrates that the temperature of PV modules, along with various other elements, significantly
influences the performance of PV systems [3]. Additionally, it establishes a strong and positive linkage
between module temperature and key performance indicators, including solar irradiance, short circuit current,
output power, and conversion efficiency.

Tripathi et. al. investigates the impact of solar radiation and ambient temperature on the temperature of
solar PV panels [4]. The experiments were carried out in Telangana, India, specifically during the sunny days
of February 2020. The studies have confirmed that higher temperatures can reduce the efficiency of a panel
and potentially harm its cells when exposed to lengthy periods of elevated temperatures. The high level of
accuracy observed indicates the model's efficacy in forecasting panel temperatures. Specifically, the panel
temperature reached 78.50°C when exposed to solar radiation of 1140 W/ m? and an ambient temperature of
36°C. Continued exposure to such high temperatures can have a negative impact on the performance and
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structural integrity of the panel. Many previous researches have investigated the possibility of using solar
energy in domestic hot water production [5], [6], [7]. The results of these researches have often had
difficulties in storing and utilizing heat produced at low temperature levels at higher temperature levels. Han
et. al. also examines the electrical and thermal performance of two solar energy systems, a combined
Photovoltaic-Thermal (PVT) system with a Solar Thermal (ST) system (PVT-ST), and a separate
Photovoltaic (PV) system with a Solar Thermal (ST) system (PV-ST) [8]. The research examines the
effectiveness of these systems under varied environmental variables, such as varying levels of solar radiation,
ambient temperatures, and inlet water temperatures, by developing a detailed heat transfer model. The results
indicate that the PV-ST system demonstrates exceptional performance in situations with lower ambient
temperatures and solar radiation. This is attributed to its effective cooling mechanism, which improves its
electrical efficiency. In contrast, the PVT-ST system demonstrates superior performance in situations with
elevated ambient temperatures and intense solar radiation. This is due to its efficient combination of
photovoltaic and thermal elements, resulting in increased electro-thermal efficiency and primary energy
conservation. Boumaaraf et al. evaluates the performance of a locally manufactured photovoltaic/thermal
(PVIT) collector versus a traditional PV module under the climatic conditions of Ghardaia city, Algeria,
aiming to address individual housing energy needs in semi-arid regions [9]. A detailed mathematical model
incorporating heat transfer balance equations, along with electrical and thermo-physical properties, was
developed and converted into a numerical program within the MATLAB environment for theoretical
simulations and experimental validations. The findings reveal that the PV/T collector demonstrates a slightly
higher electrical efficiency of 7% compared to 6.78% for the PV module, alongside a remarkable thermal
efficiency of 61% and an overall efficiency of 79.43%. Boumaaraf et al. embark on an investigative journey
to transform a conventional photovoltaic (PV) panel into a photovoltaic-thermal (PVT) collector, with the
aim of enhancing both electrical and thermal energy production [10]. Outdoor experiments were conducted,
and a data collecting system based on a personal computer (PC) was used to assess the effectiveness of the
system. The findings revealed a marginal increase in electrical energy production by 0.32% and a notable
gain in thermal energy with an average efficiency of 20.33%. However, it was observed that the PVT
collector's moderate thermal insulation considerably impeded its ability to generate thermal energy. Several
studies have also investigated the use of solar energy in the food industry [11], [12], [13], but these studies
have not addressed the optimal solution to the simultaneous demand for heat and electricity.

The determination of the temperature of photovoltaic cells is a distinct and captivating issue, as the
effectiveness of converting solar radiation into electrical energy is contingent upon it. Various research has
examined different methods of cooling photovoltaic (PV) modules, highlighting the importance of
maintaining ideal operating temperatures to improve efficiency and avoid harm. The hybrid PVT (HPVT)
system combines a PV module and a traditional thermal collector into a single piece of equipment, allowing
for the simultaneous availability of both thermal and electrical energy. Despite extensive research on thermal
management in PV systems, the concept of "heat capacity" has remained largely unexplored in this context.
Recognizing this gap, my research aims to systematically compare the heat capacity of conventional and
modified PV systems. The study involves continuous modifications to a PV system, with the goal of
minimizing its working temperature, consequently, maximize its ability to maintain stable temperatures and
high electrical output under hot weather conditions.

2. Material and methods

In this experiment, we worked with both a conventional PV panel and a modified version that has copper
pipes attached with a specialized aluminium adhesive to boost thermal conductivity. By tweaking factors like
the cooling flow rate, insulation, and inlet temperature, we aimed to find the best setup to maximize the
system's heat capacity. Using sensors, we closely monitored temperature changes, sunlight intensity, and
electrical output, all with the goal of developing a PV system that can maintain or even improve its efficiency
as temperatures climb ultimately enhancing solar energy performance.

2.1. Material
The experimental setup used to evaluate the impact of heat capacity improvements on photovoltaic (PV)

systems, The experimental setup includes a standard PV panel and a modified version (Figure 1.). The
modified panel features copper pipes adhered to its backside (Figure 2.) using a Synthetic Resin adhesive
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containing 75% aluminium (Figure 3.) with different thicknesses (3 to 5 mm). The system also includes
adjustments to the flow rate of the cooling medium to optimize heat removal. As well as XPS Insulation (20
mm) to minimize heat loss and maintain effective temperature control. Central to our experimental setup is
the Arduino-based control unit (Figure 4.), which plays a critical role in orchestrating data acquisition and
real-time monitoring of the PV systems. This robust platform interfaces seamlessly with a network of
strategically placed sensors throughout the systems. The system includes a 10-liter thermal storage tank
(Figure 4.), which plays a crucial role in the cooling process of the modified PV-T panel. This tank is designed
to hold and manage the cooling fluid, ensuring a stable and consistent supply for the cooling system. Our
system is equipped with a Perion 95 Ah battery which serves as the primary electrical storage solution. This
high-capacity battery is essential for storing the electrical energy generated by the PV systems, ensuring that
power is available for use even when sunlight conditions are less favourable. With its substantial 95 Ah
capacity, the Perion battery offers robust performance and reliability, supporting extended periods of energy
storage and usage.

Figure /. Experimental Setup, Conventional PV and modified PV panels

In our experimental setup, a network of carefully chosen sensors is employed to monitor and optimize the
performance of both the conventional and modified PV systems. These sensors play a vital role in capturing
real-time data, which is crucial for evaluating system behaviour and effectiveness. The LM335 temperature
sensor was used to provide precise temperature readings at various points in the system, offering reliable
accuracy within 1°C over a broad range. To measure solar irradiance, we used the TF 6003.0000 BG
irradiance sensor, which captures global radiation with a silicon diode and PMMA dome perfect for
photovoltaic applications and useful in fields like climate research and agriculture. For current measurement,
the ACS712 sensor handled both AC and DC currents by translating them into a proportional voltage. Lastly,
a 10:1 voltage divider was employed to scale down voltages for safe monitoring by the Arduino, providing
essential data on the system’s electrical output and efficiency.
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Figure 4. Arduino-based control unit and the storage tank
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2.2. Methods

The experiment was conducted over a four-month period (June, July, August and September 2024) in the
energetic building’s laboratory at the Hungarian University of Agriculture and Life Sciences from 10:00 AM
to 04:00 PM. The experimental setup includes a modified PV system equipped with copper pipes adhered to
the backside of the panel using a specialized adhesive material containing 75% aluminium. This setup is
designed to enhance thermal conductivity and improve cooling efficiency. By incrementally adjusting
variables such as cooling flow rate, insulation, inlet temperature, the study seeks to identify the optimal
configuration for achieving the highest possible heat capacity in a PVT system. Throughout this process, an
array of sensors is used to monitor temperature variations across different components of both the modified
and unmodified PV systems, as well as other critical parameters like irradiance, ambient temperature, and
electrical output. The ultimate goal is to develop a PV system capable of maintaining or even improving
electrical production in the face of rising temperatures, thereby pushing the boundaries of solar energy
efficiency.
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L 4
|/ ARDUINO |
.
/T E)—-III:_ki:.lif\TTRE\\| MULTIPLEXER
L\\ - / -

| | [ | |
f o o o \\ 7 o w1 h h
(mra ) (ma ) <T[C]/, (Tiwn2) (Lm/ (Um;ﬁ (hI[A]j (I[A] )

/RRADIATIO\ /~ VOLTAGE \ / CURRENT |\

4 TEMPERATURE SENSOR \ [ cpngop 15| [ MEASURE 10:1 ‘ MEASURE
_ LM333 J \_ 6003.1000 VOLTAGE \_ Az )
— DIVERSION —
\_ Crcurr

Figure 5. Data acquisition Architecture

3. Results

For the purpose of this analysis, data from 10 selected days were chosen to examine the primary objectives.
The results focus on the impact of system insulation, as well as the effects of inlet temperature and cooling
flow rate. By analyzing these critical variables, we aim to understand how modifications impact the working
temperature of the modified photovoltaic panel.

3.1. Insulation effect

To analyze the impact of insulation on the modified PV panel’s temperature Table 1. shows a comparison of
the working temperature of the modified PV panel with that of the unmodified panel, under similar
conditions, including irradiation, ambient temperature, flow rate, and inlet temperature. With full insulation,
the modified PV panel consistently exhibits significantly higher working temperatures than the conventional
PV panel. In mostly sunny conditions (Figure 6.), the modified PV panel’s temperature is about 67% higher
than that of the conventional PV (Figure 7.), while under mostly cloudy weather, it is approximately 63%
higher. This indicates that the full insulation retains more heat within the modified system, amplifying its
working temperature.
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Table 1. Impact of PV system insulation during sunny and cloudy weather conditions.
) Ts Q . Tamb | pv-T | VT G
Date | Periods °C] Insulation °C] °C] T [W/m2] Weather
[I/min] [°C]
Morning 26.28 | 27.34 | 43.68 | 778.10
19 M Noon | 15 | 4 Full 27.85 | 3052 | 5225 | 9e6.77 | MostY
June - - - sunny
Afternoon 30.13 [ 31.32 | 53.55 | 924.13
" Morning 3352 | 3951 [ 31.77 | 823.26 Mostl
- ostly
Aug Noon 15 7 No 36.22 | 42.64 | 34.28 | 914.45 sunny
Afternoon 40.70 | 4156 | 33.44 | 751.13
External conditions (19.06.2024 between 10:00 AM and 04:00 PM)
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Figure 6. External Condition and the ON state of the system insulation
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Figure 7. PV-T and PVT-T while the ON state of the system insulation
However, when the insulation is removed, the modified PV panel experiences a substantial temperature
reduction. Specifically, the temperature decreases by around 19.58% during severe weather conditions
(Figure 8.) and by approximately 21.82% in mostly cloudy weather (Figure 9.). This indicates that the

absence of insulation allows for better heat dissipation, significantly lowering the working temperature of the
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modified PV panel. Overall, insulation has a substantial impact on increasing the working temperature of the
modified PV panel, particularly under more extreme weather conditions.

External conditions (14.08.2024 between 09:00 AM and 04:00 PM)
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Figure 8. External Condition and the OFF state of the system insulation
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Figure 9. PV-T and PVT-T while the OFF state of the system insolation

3.2. The impact of the inlet Temperature

Table 2. illustrates the impact of inlet temperature on the working temperature of the modified PV panel by
comparing the temperature difference between the PV-T and PVT-T systems. This comparison was made
under consistent flow rate conditions (4 I/min) and similar external conditions over three sunny days
(20 June, 7 July, and 3 July). For a clearer assessment of the inlet temperature’s effect, all selected days
reflect conditions where the modified PV panel was fully insulated.

Starting with the non-cooling state on 20 June (Figure 10.), where the inlet temperature was not set, the
working temperature of the modified PV panel (PVT-T) was 64.4% higher than that of the conventional PV
panel. When the cooling system was activated and the inlet temperature was set to 10°C on 7 July (Figure
11.), this temperature difference decreased to 34.32%, indicating a significant cooling effect. Furthermore,
with an even lower inlet temperature of 8°C on 3 July (Figure 12.), the difference was reduced to a more
desirable level of 11.54%. These results highlight the substantial impact of lower inlet temperatures on
reducing the working temperature of the modified PV panel when fully insulated.
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Table 2. PV-T and PVT-T under different inlet temperatures.
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PV-T and PVT-T (3.07.2024 Between 10:00 AM and 04:00 PM)

PV-T PVI-T T supply

Figure 12. PV-T and PVT-T with an inlet Temperature of 8°C

3.3. The volum flow rate effect

Table shows the impact of flow rate on the working temperature of the modified PV panel compared to the
conventional PV panel, under similar weather conditions and ambient temperatures. For this analysis, we
selected four sunny days with no insulation applied to the modified PV panel (31 August, 1 September, 19
September, and 20 September). Two different flow rates were tested: 4 I/min and 7 I/min. To assess the real
impact of flow rate, we used a lower inlet temperature with the lower flow rate and a higher inlet temperature
with the higher flow rate, based on previous findings that lower inlet temperatures generally lead to a lower
working temperature for the modified PV panel. For the lower flow rate (4 I/min) with an inlet temperature
of 10°C on 19 and 20 September (Figure 13.), the PVT-T system operated only 7.65% and 6.43% lower than
the PV-T, respectively, despite the favorable inlet temperature and lack of insulation.

Table 3. PV-T and PVT-T under different flow rate conditions.

. Ts Q . Tamb PV-T |PVT-T G
Date Periods °C] | min] Insulation °C] ec) | rec [W/m?] Weather

Morning 2155 | 21.32 | 19.19 | 562.83

19- Mostly

Sep Noon 10 4 No 25.71 | 29.69 | 28.05 | 874.34 sunny
Afternoon 25.84 | 26.50 | 2453 | 694.14
Morning 20.68 | 21.25 | 19.39 | 584.22

20- Mostly
Noon 10 4 No 25.12 | 29.08 | 28.00 | 911.65

Sep sunny
Afternoon 25.75 | 26.63 | 24.82 | 716.30
Morning 27.97 | 3540 | 28.00 | 646.57

31- Mostly
Noon 15 7 No 31.68 | 42.20 | 35.63 | 891.72

Aug sunny
Afternoon 3441 | 3486 | 27.73 | 493.53

Conversely, when the flow rate was increased to 7 I/min, even with a higher inlet temperature of 15°C on
31 August and 1 September (Figure 14.), we observed a more substantial cooling effect. Here, the working
temperature of the PVT-T system showed a reduction of 18.97% compared to the PV-T on 31 August and
17.46% on 1 September. These results highlight that, although a lower inlet temperature improves cooling, a
higher flow rate has a more pronounced impact on reducing the working temperature of the modified PV
panel, even with a higher inlet temperature and no insulation.
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Figure 13. PV-T and PVT-T under flow rate of 4 I/min
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Figure 14. PV-T and PVT-T under flow rate of 7l/min

4. Conclusions

This study highlights how crucial thermal management is for photovoltaic panels. It shows that solar panels
designed with better heat dissipation techniques can work more efficiently in high temperatures. Through
careful experiments, researchers found that both insulation and cooling methods are key in controlling the
temperatures and efficiency of solar systems. As previously has been investigated in other researches, heat
capacity can be of great importance for solar energy systems, and in the present research we have focused on
this area [14], [15].

Interestingly, while full insulation can help retain heat, it also leads to higher temperatures in the panels,
which isn’t ideal for performance. On the other hand, lowering the inlet temperature and increasing the flow
rate proved to be effective in keeping temperatures down.

The results suggest that a balanced approach to thermal management, combining insulation and cooling,
can significantly enhance the durability and efficiency of solar panels, especially in hot climates. The
modified panels were able to maintain cooler operating temperatures, making them suitable for areas with
strong sunlight.

This research not only adds valuable insights into how we manage heat in solar technology but also paves
the way for more studies on improving heat dissipation techniques and materials for better solar panel

62



OPTIMIZING THERMAL MANAGEMENT IN PHOTOVOLTAIC HUNGARIAN AGRICULTURAL ENGINEERING
PANELS: EXPERIMENTAL STUDY N° 43/2024

performance in various climates. Combined with the results of other research, optimal removal of recovered
heat is found to be feasible even with the addition of heat pump systems [16], [17].
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Abstract: Recent advancements in dynamic modeling, supported by improved computational technologies,
have enabled detailed investigations of particle motion within drying equipment. Under and over drying of
harvested crops causes significant financial losses in agriculture. To overcome this issue, we analyzed the
particle motion in cross flow dryers using analytical and numerical modeling techniques. In our earlier work
we determined the theoretically optimal lamella geometry shape, using the Brachistochrone problem and
finding the cycloid curve. The manufacturing problems of creating an approximate cycloidal curve for our
experimental investigations showed us that it is not a simple task to solve. To overcome this issue, we
investigated the possibility of using other geometries close to the original cycloidal one. This study explores
the influence of Bezier curve-shaped lamellae on particle residence time. By examining various geometries
and tribological parameters, the research aims to identify an optimal lamella design that minimizes under- or
over drying while maintaining ease of manufacturing.

Keywords: agricultural particulate materials, discrete element method, cross flow dryer, flow unevenness,
geometry optimization

1. Introduction

Lowering the moisture content of harvested grains is a critical step in preparing them for subsequent
processing or storage. While natural drying using direct solar energy is an ideal approach, it is insufficient to
handle the large volumes of grain required to meet the food and industrial raw material needs of developed
nations. As a result, artificial drying becomes indispensable. To minimize the significant energy consumption
and environmental impact associated with artificial drying, it is imperative to optimize the process. This can
be achieved through several strategies, including geometric modifications to drying equipment, which
enhance airflow and heat transfer, and the use of advanced numerical modeling to simulate and refine drying
parameters. These approaches not only reduce energy demands and environmental pollution but also improve
the quality of the final product, ensuring it meets the standards of modern industrial and food production
systems.

2. The drying efficiency problem

The earliest experimental findings on the unique mechanical behavior of granular materials can be traced
back to Janssen's studies in 1895 [1]. Despite numerous researchers highlighting various shortcomings in the
theory over the past century, the principles outlined in the European Union's standard collection
(EUROCODE 1, Part IV: Actions in silos and tanks) are essentially applications of Janssen’s 1895 results.
Unlike ideal fluids, granular material assemblies exhibit a limited ability to withstand shear stresses. Due to
wall friction, part of the load of the stored material is borne by the silo walls, resulting in the vertical stress
component not increasing linearly with depth. Janssen was the first to experimentally investigate the nature
of this variation. He also provided an analytical solution to the problem by examining the equilibrium of a
slice of material of thickness Ay within the silo, treating the stored material as a continuous medium.
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Accounting for wall friction revealed a deviation of the wall pressure from linearity, with the resulting
equation resembling the barometric height formula.

The constrictions in drying equipment channels further complicate the phenomena described above [2]. The
effects of such constrictions have been studied experimentally and analytically by several authors, including
[31, [4], [5], [6]. [7], and [8]. However, the application of analytical models has been significantly limited by
the presence of numerous, spatially distributed channel constrictions. Additionally, these models failed to
account for discontinuities arising from interruptions in material flow.

Kocsis et al. [9] conducted experimental studies on material flow processes in drying equipment. Their
research identified inconsistencies in the material movement velocities between the air channels within the
drying equipment.

The experimental investigations conducted by Mellmann using a model dryer [10], [11] revealed that
current dryer designs lead to significant variations in residence time, moisture content, and temperature of
the dried material. Their findings indicated that the uneven distribution of moisture content is primarily
influenced by the arrangement of the air channels. The model dryer used in their experiments consisted of
two parallel, vertically arranged drying shafts—one dedicated to particle flow studies and the other to drying
experiments. The equipment measured approximately 2 meters in height, 0.6 meters in width, and 0.4 meters
in depth, featuring a total of 26 inlet and outlet air channels.

Mellmann's experimental studies and accompanying analytical models demonstrated that material flow
irregularities are mainly caused by interactions with inclined walls. Building on Mellmann's hypothesis of
equal residence time, we proposed that achieving optimal material flow conditions requires that grains
traveling downward along the channel walls and those moving along the channel's centerline must pass
through a module of the drying equipment within the same timeframe.

The question of a particle’s downward motion is essentially a classical problem of the calculus of variations:
the brachistochrone problem. This problem seeks the shape of a frictionless path along which a point mass,
moving under gravity, travels between two points A and B, not aligned vertically, in the shortest possible
time. Solving this mathematical problem, we get the equation of a cycloid.

The movement of an entire granular assembly within a drying apparatus is inherently a more complex
problem, as it requires accounting for particle-particle interactions, necessitating numerical solutions. The
intermittent interruptions in material flow preclude the use of finite element-based numerical methods,
making the discrete element method (DEM) a particularly suitable alternative. DEM has proven effective in
modeling pressure conditions in silos, analyzing discharge behavior, and assessing the effects of flow-
directing elements [12], [13], [14], [15], [16], [17].

Yang and Hsiau [18] examined the influence of baffle geometry on particle movement and wall pressure
using a two-dimensional DEM model. They studied velocity distributions near obstacles by observing the
"deformation of colored stripes. Even with a simple two-dimensional model of circular particles, their results
showed that material flow slows in the vicinity of inclined walls, a finding with significant implications for
motion dynamics in drying equipment.

During the flow of granular assemblies through constricted cross-sections, self-supporting arches can form,
which may obstruct material discharge [18], [19]. Oldal et al. [20] demonstrated that the formation and
collapse of such arches significantly impact material flow velocity profiles. Kruggel-Emden et al. [21] further
showed that discharge time and velocity are strongly influenced by the friction coefficient of the particles.
Tao et al. [22] investigated the discharge of particles from a rectangular container with a flat bottom and a
rectangular outlet. They found that vertical velocity differences between particles moving through the center
and near the walls were much larger for non-spherical particles compared to spherical ones. Colored stripes
were used in both experiments and simulations to visualize motion dynamics.

Mellmann et al. [11] reviewed experimental studies on cross-flow dryers and included a simple two-
dimensional DEM model to describe granular motion within drying equipment. While their model reasonably
simulated the discharge mechanism, the predicted material flow patterns only broadly corresponded to
experimental observations. Similar results were achieved by [23] and [24] with their two-dimensional
models.

Khatchatourian et al. [25], [26] studied the discharge of soybeans from a cross-flow dryer, using spherical
particles in their simulations. In this case, the flow patterns matched experimental observations well. Later
work by Weigler and Mellmann [27] introduced elliptical particles approximated by five interconnected
circles in their two-dimensional simulations. These simulations, when compared to earlier models with
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circular particles and experimental data, showed significantly better agreement in velocity profiles. Similar
improvements were reported by other authors, such as [28].

The efficiency of the drying process has been improved by addressing several critical questions, as detailed
in our publications [29] and [30]. Which dimensionless characteristic best captures the uniformity of material
flow within the dryer? How do the tribological interactions between particles and the dryer wall influence
material flow uniformity? How do tribological interactions among particles affect the uniformity of material
flow? Can alternative lamella geometries, deviating from straight designs, further enhance material flow
uniformity and improve drying efficiency? These questions were thoroughly examined using a combination
of theoretical analyses, experimental studies, and numerical simulations, leading to a deeper understanding
and optimization of the drying process. These questions lead us to the application of the Brachistochrone
problem [29] and deriving the theoretical shape of the optimal lamella geometry. Later manufacturing
difficulties rise another question: is there a lamella geometry in which the flow unevenness is acceptable, but
it is easier to manufacture? To answer this, we analyzed the applicability of Bézier curves to replace cycloidal
ones.

3. Bezier curves shaped lamellae

Based on the analytical solution of the brachistochrone problem and numerical simulations, it can be
concluded that the use of cycloidal-shaped lamellae would be the most effective approach to reducing drying
irregularities in crossflow dryers. However, manufacturing considerations suggest that the cycloidal shape
should ideally be replaced with a simpler geometry. As we can see on (Figure 1.), it is quite a complicated
task to create the approximate shape of the required cycloidal lamella and it needs quite a lot of line segments,
which is finally a costly solution.
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Figure 1. Approximation of cycloidal lamella geometry by using multiple line segments

Manufacturing considerations led us to conclude that baffles with Bézier curve shapes are easier to produce.
Consequently, numerical simulations were also conducted for this design. For the modeling, third-degree
Bézier curves were used, defined by four points (P, Py, P, and P;) (see Figure 2.).

Figure 2. Points defining third degree Bézier curves
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These points can be easily adapted to fit the existing dryer design. The equation for a third-degree Bézier
curve is as follows:

B(t) = (1 —t)3P, + 3(1 — t)%tP; + 2(1 — t)t?P, + t3P; t € [0,1].

The Bézier curve points we selected were chosen in such a way that the starting and ending points align
with the cycloidal lamella of the drying apparatus described in [29] and [30]. As a result, we had to choose
the following coordinates: Po and P: consistently had coordinates x = 133 mm, y =0, z = 0. The y-coordinate
of point P2 varied depending on the specific design, while the x and z coordinates remained constant at P-x =
203 mm, P2z = 0. The coordinates of Ps also remained unchanged, with x = 203 mm, y = 347 mm, z = 0. By
adjusting the coordinates in this manner, I was able to ensure that the Bézier curve closely matched the
starting and ending points of the cycloid, while the variation in P.y caused the curve to deviate more
significantly from the original shape (Table 1).

Table 1. Modification of Bézier curves for simulations

2 3 4 5 6 7 8 9
Py, 0 25 50 75 100 125 150 175 200

=

The effect of changing the P2y value on the shape of the curve is illustrated in a figure showing three
different coordinate cases (Figure 3).

Figure 3. Effect of changing P2y to the shape of the curve. 1: P,,, = 200mm, 2: P,,, = 100mm, 3: P,,, = 0

Figure 4. shows the difference between the cycloidal and the one of the Bézier curve shaped lamella
geometries. Here P>y = 25 mm version is used to see the difference between the two curves.
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Figure 4. Comparison of the cycloidal (red) and one of the Bézier curve shaped lamellae (blue)

4. The discrete element model

Four different particle shapes were applied for the discrete element method (DEM) analysis (see Table 2. and
Figure 5.)

Table 2. Shape of particles used in the DEM model

average length average width average thickness percentage
[mm] [mm] [mm] [%]
Flat 12,1 91 4,7 36
Elongated 11,8 8,0 4.7 20
Angular 12,0 8,5 5,8 32
Spherical 9,4 9,0 7,6 12
| y A ( ‘\
Flat Elongated Angular Spherical
Figure 5. Particle shapes used in DEM model
Table 3. Micromechanical- and contact parameters
Micromechanical parameters Contact parameters
Poisson-coefficient [-] 0,31 Coeff. of restitution [-] 0,1
Density [kg/m®] 1180 Coefficient of friction [-] 0,2
Shear modulus [Pa] 3-107 Rolling friction [m] 0,01

Instead of a mathematical analysis of the velocity vector field (Figure 6.), a much simpler (and easily
measurable) parameter was used to quantify the flow irregularities (Table 3.).
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The flow unevenness factor:
£ = Ymax — Ymin
ymax '

where meaning of the above values can be seen on (Figure 7.)
An example particle velocity field can be seen on Figure 6., after the opening of the bottom of the geometry.

Velocity (mfs)
1.76

144
1
079

047

0.14

Figure 6. Particle velocity field

The flow unevenness can be seen on (Figure 6). The particle-wall friction slows down the flow, causing
residence time difference in the drying apparatus. Analyzing this by mathematical means is much more
complicated, than using the simple scalar quantity ¢ introduced above. The measurement of the velocity field
is also more complicated than simply observe experimentally the “deformation” of the originally straight
colored stripe (Figure 7).

ymm\ —

b x

The more uniform the flow, the closer the value of ¢ approaches 0. To analyze the applicability of Bézier
curves first we compared the different geometries regarding their flow unevenness, then by choosing the best
shape, we made sensitivity analysis on particle — particle and particle — wall friction.

Figure 7. Flow unevenness factor
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5. Results

Firstly, we examined how the flow irregularity factor is affected when using different Bézier curve shapes,
as presented in Table 1. See Figure 8.
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Figure 8. The effect of Bézier curve shape on flow unevenness

By selecting the value of P2y that provided the best irregularity factor (the Bézier curve aligned more closely
with the original cycloidal lamella as the P2y value increased, so P.y = 200 mm was used), we investigated
how the new lamella geometry affected flow irregularities in relation to the particle-particle (Figure 9.) and
particle-wall (Figure 10.) friction coefficient values.

0,7 :
® Straight
: E=-0,8615u, + 0,5845 OCycloid
06 R2=0,933 +Bézier |
P Straight
®
o5 T
- 4
= © L £=-0,90424, + 0,4761
@ § ® R2=0,9577
% 0.4 Bezier
g o
9 +
503 : i .
E
2 ’
& a [ ]
0,2 £=-0,8007,+ 0,3962 S
R?=0,9393
Cycloid ®
0,1 \T
0,0 | |
0,0 0.1 0.2 0,3 0.4 0,5

Particle-particle friction p,, [-]

Figure 9. The effect of particle- particle friction on the flow unevenness in cases using straight,
cycloidal and Bézier curve shaped lamellae
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Figure 10. The effect of particle- wall friction on the flow unevenness in cases using straight,
cycloidal and Bézier curve shaped lamellae

6. Conclusions

Reducing the moisture content (drying) of harvested grains is an essential step in preparing them for further
processing or storage. Due to the high energy demand and potential environmental impact of artificial drying,
it is crucial to perform this task as efficiently as possible. This article presents a method for improving
efficiency by modeling the material flow processes in a gravity-based cross-flow drying system and
modifying the design of the drying equipment. It identifies the mechanical phenomena responsible for quality
degradation and material loss caused by under-drying or over-drying of grains and demonstrates how specific
design modifications can minimize these issues. Based on theoretical considerations, the study proposes a
lamella geometry that is easy to manufacture and significantly reduces the unevenness of grain movement
within the dryer, thereby improving the quality of the final product.
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Abstract: The incorporation of robotics in agriculture embodies a major advancement in information and
communication technologies, which addresses critical challenges such as promoting sustainability, Labor
shortages, and increasing efficiency. This bibliometric analysis explores the trends and patterns in the
research development of agricultural drones from 2000 to 2023, against the backdrop of their increasing
integration into modern agricultural practices. Agricultural drones, also known as unmanned aerial vehicles
(UAVs), have emerged as transformative tools in precision farming, offering capabilities such as crop
monitoring, pest management, and soil analysis with unprecedented efficiency and accuracy. This study
employs the R-bibliometrics package, Vos Viewer, and Excel for comprehensive analysis, leveraging these
tools to examine publication trends, citation impacts, author collaborations, and keyword co-occurrences
across a diverse range of journals and disciplines. Findings reveal a steady growth in research output,
punctuated by significant peaks in interest, particularly following advancements in artificial intelligence
applications within the field. This analysis not only highlights the pivotal role of agricultural drones in
shaping modern agriculture but also identifies critical areas for future research and innovation, including Al
integration, environmental sustainability, and the optimization of drone technologies for enhanced
agricultural productivity and sustainability.

Keywords: Agricultural drones, Precision Agriculture, UAVSs, Artificial Intelligence, remote sensing

1. Introduction

Agriculture is the basis of human civilization, providing food, fiber, and other key resources. With the
increase in the global population, the demand for agricultural products is intensifying [1], [2]. This rising
demand places immense pressure on agricultural systems to increase productivity, enhance sustainability,
and reduce environmental impacts [3]. Therefore, the introduction of robotic systems in the agricultural sector
which are crucial in ending hunger and malnutrition sustainably by conserving and restoring ecosystems and
natural resources [4].

The literature review aims to offer a wide-ranging overview of robotics in agriculture, emphasizing its
scope and importance, historical developments, current advancements, and the benefits and challenges
related to its adoption. Besides, the review will briefly examine the Technology Acceptance Theory (TAT).
Overall, this review seeks to highlight the transformative potential of robotics in shaping the future of
agriculture.

2. Robotics in agriculture

Robots are important to precision agriculture, also referred to as precision farming, which comprises of data-
driven techniques to enhance field-level management. Furthermore, farmers can make informed decisions
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about planting, fertilizing, and irrigation by collecting and analysing data on soil conditions, crop health, and
weather patterns [5], [6]. Its main objective is to enhance crop performance while improving environmental
quality [7]. Additionally, it leverages various technologies to address the spatial and temporal variability
inherent in agricultural production. Autonomous tractors and machinery equipped with machine learning
algorithms, Al, and GPS can perform various tasks like ploughing, planting, and spraying with little human
intervention [8]. Other high technologies, like wireless measuring networks, can increase the efficiency of
complex systems. For example, smart irrigation can operate in this way [9]. Furthermore, modern
technologies ensure that seeds are planted at ideal depths and distances, also ensuring the application of
fertilizers and pesticides is accurate as a study by Thomas et al. highlighted [6]. Additionally, they can be
utilized to capture and process large volumes of data, offering the capabilities needed to operate effectively
at both the individual plant level and the entire field level [10].

2.1. History of robotics in agriculture

The origin of agricultural robots can be traced to the early 1900s. However, the use of advanced robotics in
agriculture is a more recent development [11]. Furthermore, during the 1980s, the introduction of
microprocessors and sensors created a way for the initial automation of agricultural tasks. The Primary
robotic systems were mainly designed to perform simple repetitive tasks like milking cows and picking fruits
[12].

Significant advancement came in the 1990s with the development of more polished robotic systems that
performed complex tasks. The initiation of GPS technology and Al further improved the capabilities of
agricultural robots [13]. Various researchers embarked on exploring the potential of autonomous vehicles for
soil preparation, harvesting, and planting [14]. The turn of the 21st century marked the beginning of precision
agriculture, where robots became an integral part of farming and crucial for optimizing various agricultural
processes.

2.2. Current developments in agricultural robotics

Recent developments in agriculture are immensely reshaping how to produce and consume food. A
significant development is the integration of digital technologies. Field-level management is being optimized
using GPS, 10T sensors, and data analytics in crop farming [13]. Through this technology, the farmer can
easily monitor soil conditions, weather patterns, and crop health, and ensure efficient use of resources such
as fertilizers, pesticides, and water. Biotechnology is another transformative force which has come in handy
[15]. The incorporation of genetic engineering has enabled the development of crops that are resistant to
pests, diseases, and extreme weather conditions [16]. Many farmers have embraced genetically modified
organisms (GMOQOs), which has significantly enhanced food security in regions with agricultural challenges
[17]. Practices such as cover cropping, no-till farming, and agroforestry reduce soil and improve water
retention, leading to reduced climate change [18]. Therefore, the emphasis on regenerative agriculture has
been embraced to restore soil health, increase biodiversity, and enhance ecosystem services.

2.3. Benefits and challenges

The development of robaotics in agriculture has brought numerous benefits and challenges. On the positive
side, robotics have increased efficiency [19]. Automated machines perform tasks such as weeding, planting,
and harvesting which has minimized manual labour and increased yields [20], [21]. Therefore, robotics have
led to Labor saving which has exceptionally filled the gap of agricultural labour shortage.

Robotics in agriculture have also led to Improved crop quality and enhanced sustainability [22]. Drones
and robotic sensors have come in handy since they provide real-time data on crop health and soil conditions
[18]. Farmers use the information to optimize resources and make informed decisions leading to cost-saving
and environmental sustainability [23], [24].

These agricultural advancements come with challenges. The cost of robotics technology can be relatively
high, preventing their use by small-scale farmers [25]. Furthermore, technical expertise is needed to operate
and sustain the machines, as Cheng et al found [20]. Additionally, the adoption of robotics has led to the
displacement of the workforce, creating a large population of unemployed communities [26]. On the other
side, robots can be applied to that segment of agricultural production where the workforce is demanding, like
horticulture [27]. Another important question is how can the utilisation of new technology support the efforts
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for sustainability. In a study, Valle and Kinzle tried to give an adequate answer for this when investigating
the application possibilities of robots and automated equipment for sustainable crop production [28].

Overall, the use of autonomous systems in agriculture has raised regulatory, safety, and ethical issues [29],
[30].

2.4. The technology acceptance theory (TAT)

The technology acceptance theory provides a framework for understanding how users come to accept and
use new technologies. In this case, we can highlight that robots and drones can be used successfully not only
in agriculture but e.g. in environmental management [31], [32]. An upcoming field of application is security
technology where robots and drones fulfil tasks well [33]. TAT suggests that technology adoption is
influenced by perceived usefulness and perceived ease which are the primary factors [6]. Subeesh & Mehta
in their research found that farmers are more likely to adopt robotic systems if they perceive these
technologies will improve productivity, minimize costs, and enhance crop quality [8]. Bechar and Vigneault
highlight that the complexity of operating and maintaining robotic systems can hinder their adoption,
therefore the need for providing adequate training and ensuring user-friendly technologies can ease this
concern [11]. Continued research and development, with the inclusion of supportive policies, are essential
for realizing the full potential of robotics in agriculture [34].
The research questions for this study are:
RQ1: What are the publication trends in agricultural drones?
RQ2: What are the most prolific scholars, articles, journals, and countries contributing to agricultural
drones?
RQ3: What are the research directions for future research?

3. Materials and methods
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Figure 1. PRISMA Flow Diagram for Study Selection Process
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This research drew data from Scopus. SCOPUS is a widely used and reliable source for scientific
publications. The keywords ("agricultural drone™) OR ("drones in agriculture™) OR (“crop monitoring
drones") were used only articles written in English were reviewed. Figure 1. shows the search methodology.
Data was analysed using the R-bibliometric package, Excel, and NVIVO, and the results are shown in section
4,

4. Results
4.1. Most relevant sources

The study examined the most relevant sources of the period examined by the research. The results are shown
in Table 1.

Table 1. Most relevant sources of the research

Sources Articles
Drones

IEEE Access

Applied Sciences (Switzerland)

Computers And Electronics In Agriculture

Journal Of Biosystems Engineering

Agriculture (Switzerland)

Agronomy

Chemical Engineering Transactions

Revista De La Facultad De Agronomia

Agricultural Engineering International: Cigr Journal

I

R NN NDNDNWWWS

The results show that the Journal of Drones and IEE ACCESS had the most publications, 4, while Applied
Sciences (Switzerland), Computer and Electronics, and the Journal of Biosystems Engineering, had the
second largest number of publications on agricultural drones, 3. Agriculture, Agronomy, Chemical
Engineering, and Revista de had 2 articles each, while Agricultural engineering had only 1 article. The wide
range of articles implies that agricultural drones have been studied across different disciplines and therefore,
a multidisciplinary approach should be embraced to fully understand, improve, and advance agricultural
drones.

4.2. Annual production
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Figure 2. Articles published annually
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The study further examined the annual production of research articles to obtain a general overview of the
scientific publications on agricultural drones and the results are shown in Figure 2 below.

Figure 2. shows an overall rise in publications since 2014, albeit a decline in 2015, 2018, and 2022. There
were the fewest publications between 2014 and 2019, where 2017 recorded the highest, 3, while 2015 had
the least, 0. There was a sporadic rise in publications between 2019 and 2021, where publications rose from
2 in 2019 to 16 in 2021. This shows a rise in interest in agricultural drones as artificial intelligence gained
traction. There was a slight decline in 2022 to 14 articles followed by a sudden rise to 18 in 2023. Despite
variations in publications across the period, the study shows that agricultural drones have gained interest
since 2014.

4.3. Source local impact

The study further examined the local impact of the journals based on their h-index. The h-index is a metric
designed to measure both the productivity and citation impact of the publications within a journal. The results
are shown in Table 2.

Table 2. Sources h-index

Journal h-index
IEEE Access 4
Drones 3
Journal of Biosystems Engineering 3
Agriculture (Switzerland) 2
Agronomy 2
Applied Sciences(Switzerland) 2
Chemical Engineering Transactions 2
Computers and Electronics in Agriculture 2

Agricultural  Engineering International CIGR
Journal

Basrah Journal of Agricultural Sciences

s

Table 2. shows that IEE Access has the highest h-index of 4. On the other hand, Drones and Journal of
Biosystems Engineering had an index of 3, while Agriculture, Agronomy, Applied Sciences, Chemical
Engineering Transactions, and Computer and Electronics in Agriculture journals had and index of 2. Lastly,
Agricultural Engineering International CIGR Journal and Bashah Journal of Agricultural Sciences had and
index of 1. These findings imply that the journal’s h-index of 4 means that the journal has published at least
four articles, each of which has been cited at least four times. In other words, four is the maximum number
such that the journal has at least 4 papers with 4 citations each. Similarly, journals with an h-index of 1, imply
that the journal has published at least 1 article and has been cited at least once. Therefore, articles on
agricultural drones have been fairly cited over time.

4.4. Most productive authors — all publications

The study further examined the authors with the most publications and the results are shown in Figure 3.

Figure 3. shows that the top ten authors had at least 6 articles and utmost 10. Huang Y and Ramasamy M
have the highest publications, 10. Michels had 9, while Tang 8, Faical B, Fritz B, and Murugan D, had 7
articles each. Lastly, Belforte G, Qing T, and Zhang C, had 6 articles each. These findings imply that the top
ten authors have published at least 6 papers, which explains the spontaneous rise in annual production over
time as shown in Figure 2.
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Figure 3. Most productive authors

4.5. Most productive authors - annually

The study further examined the most productive authors, which measures the average number of publications
per year. The results are shown in Figure 4.
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Figure 4. Most productive authors per year
Figure 4. shows that Yu S-H has the highest average publications (6). Choi Y and Lee J had 5, while Dafsari
RA and Lan Y had 3. The rest had 2. These results differ from the findings on most local citations. The most
productive authors are not the most cited. This implies that productivity does not imply impact even though
it increases the chances of more citations.
4.6. Co-authorship

The study explored the co-authorship between researchers in agricultural drones and the results are shown in
Figure 5.
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Figure 5. Co-authorship

The study results show that researchers in agriculture have collaborated. The main collaborators are Cohen
and Fountas, Kayad, Sozzi, Paraforos, Sarghini and De Vivo, Michels and Von, Chen and Huang, Goel,
Yadav, Vishnoi, and Pu and Choo. Michels and VVon have collaborated twice. Collaboration is essential as it
brings together diverse expertise, perspectives, and resources, enabling researchers to tackle complex
problems that are often beyond the scope of a single individual or institution. Collaborative efforts can lead
to more comprehensive and robust studies, as they use different methodologies and insights from various
disciplines.

4.7. Most relevant keywords

The study examined the most relevant keywords and the occurences as the results are shown in Figure 6.
Analyzing the most relevant keywords helps in identifying research trends and influential topics, and
mapping the intellectual structure of a field.

Occurrences

unmanned aerial vehicles (uav)
pesticides
internet of things
agricultural drone
antennas TS
Crops I §
agriculture Te——————————————————
precision agriculture S ] ]
agricultural robots T —————————————— ] ]
drones I 1 6

Figure 6. Occurrences of the Most Relevant Keywords
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Drones had the highest occurrence, 16, while precision agriculture and agricultural robots had 11. This is
because they were the keywords. Agriculture and crops occurred 8 times, while antennas had 7. Agricultural
drones, the Internet of Things, pesticides, and unmanned aerial vehicles had 5. These keywords imply that
agricultural drones have been examined in the context of precision agriculture, robots, and unmanned aerial
vehicles. Agricultural drones are widely applied in spraying pesticides and have been advanced to unmanned
aerial vehicles. Data is mainly transmitted through the antennas and scientific advancements have been made
constantly to enhance their effectiveness.

4.8. Co-occurrence of keywords
The study further examined the co-occurrence of keywords and the results are shown in Figure 7. Examining
the co-occurrence of keywords is essential because it helps in identifying relationships between concepts,

uncovering research trends, and mapping the intellectual structure of a field, thereby providing insights into
how different topics are interconnected and evolving.

artificial igtelligence

agriculture
agricultugal drones
d e
antgpnas » internetof things
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aerialgehicle pestigides
unmanned @e@rial vehicles
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Figure 7. Co-occurrence of Keywords

Figure 7. shows the interconnection between numerous keywords, which are in three clusters, green, blue,
and red. The red cluster consists of keywords related to aerial vehicles namely agricultural drones, aerial
vehicles, unmanned aerial vehicles, antennas, and agricultural robots. These cover the mechanical aspects of
agricultural drones, which consist of the application of unmanned aerial vehicles in agriculture. The blue
cluster consists of agriculture, artificial intelligence, drones, and the Internet of Things. These keywords are
related to the key sources of data that are integrated into the drone’s software. The last, green cluster consists
of pesticides, crops, unmanned aerial vehicles, precision agriculture, and smart farming. The application of
drones and artificial intelligence in agriculture has helped to advance it into smart farming and precision
agriculture, which is more accurate, efficient, and has high yields.

5. Discussion

The bibliometric analysis of agricultural drones reveals significant trends and patterns in research
publications, highlighting the multidisciplinary nature and evolving interest in this field. The findings
indicate that journals such as the Journal of Drones and IEEE Access are leading in the number of
publications, with Applied Sciences (Switzerland), Computers and Electronics in Agriculture, and the Journal
of Biosystems Engineering following closely. This broad range of journals suggests that agricultural drone

81



HUNGARIAN AGRICULTURAL ENGINEERING TRENDS AND PATTERNS IN THE RESEARCH DEVELOPMENT
N° 43/2024 OF AGRICULTURAL DRONES. A BIBLIOMETRIC ANALYSIS
FROM 2000 TO 2023

research spans multiple disciplines, from engineering and computer science to agronomy and biosystems
engineering, underscoring the necessity for a multidisciplinary approach to fully leverage and advance the
technology. The analysis of publication trends since 2014 shows a general increase in research output, with
notable fluctuations in specific years. The highest number of publications was recorded in 2021, with 16
articles, reflecting a surge in interest likely driven by advancements in artificial intelligence and its
applications in agriculture. Despite occasional declines, the overall upward trend indicates growing
recognition of the importance and potential of agricultural drones. The slight dip in 2022 followed by a sharp
increase in 2023 further emphasizes the dynamic nature of this research area. The h-index analysis reveals
that IEEE Access has the highest impact, with an h-index of 4, indicating that it is a significant source of
influential articles in the field. Other journals with moderate h-indices, such as Drones and the Journal of
Biosystems Engineering, also contribute substantially to the literature. This citation pattern suggests that
while many journals publish on agricultural drones, only a few achieve a high level of impact and influence
within the academic community.

Author productivity analysis shows that top contributors like Huang Y and Ramasamy M have published
extensively, with each having ten publications. However, the most productive authors are not necessarily the
most cited, indicating that high productivity does not always equate to high impact. This highlights the
importance of quality and relevance in research outputs over sheer quantity. Collaboration among researchers
is evident, with notable partnerships between Cohen and Fountas, Michels and Von, and others. These
collaborative efforts enhance the quality and breadth of research by integrating diverse expertise and
methodologies, leading to more comprehensive and robust studies. The co-occurrence of keywords such as
"drones,” "precision agriculture,” and "agricultural robots" further illustrates the interconnection between
various aspects of agricultural drone research. The keyword clusters reveal distinct areas of focus, from the
mechanical aspects of drones to their applications in precision agriculture and smart farming.

6. Areas of further research

Based on the bibliometric analysis of agricultural drones, future research should focus on several key areas.
Firstly, integrating Artificial Intelligence (Al) to enhance drones' capabilities in real-time data processing
and decision-making represents a significant opportunity. Research should also expand into precision
agriculture applications, refining sensor technologies and optimizing resource management based on drone-
derived data. Environmental sustainability needs further exploration, particularly in assessing and mitigating
drones' ecological impacts and optimizing energy use. Technological advancements, including improving
drone endurance and payload capacities, are crucial for expanding their operational efficiency. Addressing
regulatory challenges, evaluating economic feasibility, and fostering interdisciplinary collaborations across
engineering, agronomy, and policy-making are essential to advancing drone adoption in agriculture. Lastly,
exploring emerging applications like urban agriculture monitoring and disaster response will broaden the
scope of drone technology's contributions to sustainable agricultural practices.

7. Conclusion

The bibliometric analysis underscores the growing and multidisciplinary interest in agricultural drone
research. The increasing number of publications and the involvement of diverse journals and authors reflect
the expanding scope and potential of this technology. The impact of key journals and the productivity of top
authors highlight important contributors to the field, while the collaboration between researchers signifies
the collective effort to advance agricultural drones.

The analysis of keyword co-occurrence reveals critical areas of research focus, such as precision
agriculture, unmanned aerial vehicles, and smart farming, demonstrating the integration of advanced
technologies in agricultural practices. These insights provide a comprehensive overview of the current state
of research on agricultural drones and suggest that continued multidisciplinary collaboration and focus on
high-impact research are essential for further advancements.

In conclusion, agricultural drones have seen a significant rise in research interest and application since
2014, driven by technological advancements and the need for efficient agricultural practices. The findings
emphasize the importance of a multidisciplinary approach and collaborative efforts to fully realize the
potential of agricultural drones in enhancing productivity and sustainability in agriculture.
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