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PREFACE

Logic: Jurnal Rancang Bangun dan Teknologi (Journal of Engineering Design and
Technology) is a peer-reviewed research journal aiming at promoting and publishing
original high quality research in all disciplines of engineering and applied technology.
All research articles submitted to Logic should be original in nature, never previously
published in any journal or presented in a conference or undergoing such process
across the world. All the submissions will be peer-reviewed by the panel of experts
associated with particular field. Submitted papers should meet the internationally
accepted criteria and manuscripts should follow the style of the journal for the purpose
of both reviewing and editing.

Logic is a journal covering articles in the field of civil and mechanical engineering,
design, and technology published 3 times a year in March, July, and November.
Language used in this journal is English.
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EFFECT OF WASTE PLASTIC AS A BINDER ON
COMPRESSIVE STRENGTH, WATER ABSORPTION,
AND ABRASION RESISTANCE OF PAVING BLOCKS

Risman Firman V", Joey Limbongan Y, Muhammad Ali Taufan
1) Department Civil
Engineering, Institut Teknologi
Bacharuddin Jusuf Habibie,
Parepare, Indonesia

Abstract. The increasing accumulation of plastic waste has become a serious

environmental problem, particularly in developing countries where waste

Correponding email V" : management systems remain limited. A large proportion of plastic waste ends

risman@jith.ac.id up in landfills or pollutes terrestrial and marine environments due to its non-
biodegradable nature. One potential solution to this issue is the utilization of
plastic waste as an alternative material in the construction sector. This study
aims to evaluate the potential use of plastic waste as a binding material in the
production of paving blocks and to analyze its influence on the mechanical and
physical properties of the resulting product. This research employed an
experimental laboratory approach using plastic waste consisting of
polyethylene terephthalate (PET), polypropylene (PP), and low-density
polyethylene (LDPE), processed through a melting method and mixed with fine
sand. The mixture compositions included 100% plastic, 75% plastic : 25% sand,
50% plastic : 50% sand, and 25% plastic : 75% sand. The produced specimens
were then tested for compressive strength, water absorption, and abrasion
resistance in accordance with relevant testing standards. The results indicate
that the mixture containing 75% plastic and 25% sand exhibited the most
optimal performance, with a compressive strength of 11.64 MPa, water
absorption of 1.32%, and abrasion resistance of 0.098 mm/min. In general, a
higher plastic proportion improved compressive strength and reduced material
porosity. These findings demonstrate that plastic waste has strong potential as
an environmentally friendly alternative material for sustainable paving block
production.

Keywords : Plastic waste, Paving blocks, Compressive strength, Water absorption, Abrasion resistance.

1. INTRODUCTION

Plastic waste continues to pose a major environmental challenge in many developing countries. The ongoing
growth in global plastic production has led to a substantial increase in waste that is highly resistant to
decomposition, thereby impacting both terrestrial and aquatic ecosystems as well as human health. Inadequate
plastic waste management contributes significantly to marine pollution and deteriorates soil quality due to its slow
degradation rate and the accumulation of microplastics [1], [2]. Moreover, only a small fraction of global plastic
waste is actually recycled through formal waste management systems [3].

Indonesia, as one of the major contributors to global plastic waste, faces significant challenges in managing
this type of waste [4], [S]. The accumulation of plastic in landfill sites not only leads to soil degradation and water
contamination but also poses a threat to local ecosystems through the release of hazardous substances and the
physical disruption of soil structures [6].

In response to this issue, increasing attention has been directed toward converting plastic waste into a
valuable resource through circular economy approaches in the construction sector. One potential solution is the
use of recycled plastics as a component in building materials, particularly for the production of paving blocks [7].
This strategy not only reduces reliance on natural aggregates and cement, whose manufacturing processes generate
significant carbon emissions, but also helps minimize the accumulation of plastic waste in landfills and the
surrounding environment [8], [9].
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Several experimental studies have shown that plastics such as PET, PP, and LDPE can be utilized in paving
block mixtures. For example, recent studies indicate that the incorporation of PET plastic waste in paving blocks
can influence mechanical properties such as compressive strength and water absorption, although the resulting
products may still meet certain quality standards [10]. In addition, other studies on the use of recycled plastics as
binder materials or as substitutes for aggregates have demonstrated that specific mix formulations are capable of
producing paving blocks with good abrasion resistance and relatively low water absorption [11].

A number of studies in the literature report that incorporating plastic waste as an aggregate component in
lightweight concrete can lower the overall density of the material and broaden the development of sustainable
construction materials. Nevertheless, this modification is commonly associated with a decrease in compressive
strength, mainly attributed to the higher porosity introduced into the concrete matrix [12]. In addition, several
review studies emphasize that careful optimization of the plastic content, improvement of plastic surface
properties, and the use of appropriate processing techniques are essential to mitigate the negative effects on
mechanical performance and long-term durability [13].

In Indonesia, while several studies have explored the use of plastic in paving blocks, for example by
partially replacing fine aggregates with PET, research investigating the long term performance of these materials
under tropical climatic conditions is still very scarce [14]. In addition, most existing studies rely on conventional
approaches, such as limited substitution of sand or cement, and do not integrate multiple types of plastics with
varying melting points and physical characteristics into a single, unified production process.

Consequently, this study introduces an integrative method that combines PET, PP, and LDPE using a smart
melting technique followed by multi-layer mixing. This approach allows for the utilization of mixed plastic waste
without the need for rigorous sorting, while enhancing the microstructure and uniformity of the resulting paving
blocks. The study will assess how varying plastic ratios influence compressive strength, abrasion resistance, and
water absorption through standardized testing procedures.

2. METHODS

This study employs a quantitative experimental approach conducted entirely in the laboratory [15]. Through this
approach, each variation of the mixture between liquid plastic and sand is tested to examine how the composition
affects its physical and mechanical properties, specifically compressive strength, water absorption, and abrasion
resistance.

The population in this study comprises all paving blocks that can be produced from mixtures of liquid
plastic and sand with various composition ratios. From this population, four mixture variations were selected:
100% plastic, 75% plastic : 25% sand, 50% plastic : 50% sand, and 25% plastic : 75% sand, based on the proportion
of plastic by weight relative to sand.

The plastic waste used in this study consisted of a mixture of polyethylene terephthalate (PET),
polypropylene (PP), and low density polyethylene (LDPE). To minimize phase separation due to differences in
melting temperatures, the processing was carried out based on the thermal characteristics of each polymer. The
optimum processing temperature was determined through preliminary trial heating, considering the melting ranges
of LDPE (110-130°C), PP (160-170°C), and PET (250-260°C). The operating temperature was controlled within
an effective range that allowed the lower-melting polymers to fully melt and act as the binding matrix, while the
higher-melting polymers remained in a softened state to ensure homogeneous dispersion without thermal
degradation.

Mechanical hot mixing was employed in the production process. The shredded plastics were first melted
and continuously stirred until a homogeneous mixture was achieved, after which sand was gradually added while
maintaining constant mixing to ensure uniform aggregate distribution and prevent segregation. The polymer blend
ratio within the plastic fraction was set at 33.33% LDPE, 33.33% PP, and 33.33% PET (by weight sand) and was
kept constant across all plastic—sand mixture variations to maintain experimental consistency.

For each mixture variation, five specimens were prepared, resulting in a total of 20 samples for each type
of test. This number was applied consistently across all testing procedures, including compressive strength testing,
water absorption testing, and abrasion resistance testing. Thus, each test was conducted using 20 specimens,
ensuring more reliable and representative results in evaluating the influence of plastic-sand composition on the
properties of the paving blocks.

2.1 Materials

Plastic waste was collected, cleaned, and then cut into small pieces to facilitate the melting process as shown in
Figure 1. Fine sand was used as the aggregate. The main equipment consisted of a metal pan for melting, a heater,
a stirring tool, paving block molds, a press machine, a digital scale, a soaking tank, a Universal Testing Machine
(UTM), and an abrasion machine.
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Figure 1. Plastic waste sorting and shredding process
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Figure 2. Steps in the production process of paving blocks from plastic waste—sand mixtures

2.2 Sample Preparation Procedure

The paving block was prepared according to the production diagram as seen in Figure 2. The initial stage involved
melting the plastics using a metal. Detailed composition of each ingredients is shown in Table 1. Each type of
plastic was processed individually according to its melting temperature to prevent thermal degradation and ensure
optimal melting. LDPE was melted at 110-130°C, PP at 160-170°C, and PET at 250-260°C. Each plastic was
maintained in a molten state for approximately 10-15 minutes after reaching the target temperature, with slow and
continuous stirring to ensure uniform heat distribution.

Table 1. Mix Design Paving Block

Plastic Weight (gram) Sand
No. Mix Variation Weight
PET PP LDPE (eram)
1 100 0 736 491 507 -
2 75 25 552 368 380 673
3 50 50 368 245 253 1346
4 25 75 184 123 127 2018

Once the plastic reached a stable liquid state, sand was gradually added while stirring for approximately 5—7
minutes until a visually homogeneous mixture was obtained. The gradual addition of sand aimed to prevent
agglomeration and ensure an even distribution of aggregates within the plastic matrix. The homogeneous mixture
was then transferred into paving block molds and compacted using a conventional press. Specimens were allowed
to cool at room temperature until fully hardened before testing. Homogeneity of the mixture was confirmed through
visual inspection of the fracture surface, which showed evenly distributed sand without large voids or material
segregation.
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(b) (c)
Figure 3. (a) Plastic weighing process, (b) Melting process, (c¢) Molding process

The molds were subjected to pressure using a conventional pressing machine to compact the mixture
thoroughly. After this process, the specimens were left to cool at room temperature until fully hardened before
testing. The complete process of sample preparation is shown in Figure 3.
2.3 Testing Procedures
a. Compressive Strenght (SNI 1974:2011)
Each sample was placed in a Universal Testing Machine (UTM). Load was applied gradually until the specimen
showed signs of failure. The compressive strength value was calculated using the equation:
c=P/A (1)

Description:

o = Compressive strength (MPa)

P = Maximum applied load (N)

A = Loaded surface area (mm?)
b. Water Absorption
Prior to testing, samples were weighed in their dry condition. Then, each sample was immersed in clean water for
24 hours. The weight after immersion was recorded, and the water absorption value was calculated using the

formula:

Water Absorption (%) = “— x 100% )

Description:
W = Dry weight (g)
W2 = Weight after immersion (g)

c. Abrasion resistance (SNI 03-0028-1987)
Abrasion testing was conducted using a standard abrasion machine. Samples were rotated or rubbed against an
abrasive surface for a specified duration. The difference in weight before and after the test was used to calculate
the wear rate.
D=1.26 Gx 0.0246 3)

Description:

D = Abrasion loss (mm/min)

G = Mass loss (g/min)

3. RESULTS AND DISCUSSION

3.1 Compressive Strength Of Paving Blocks

This section presents the results of compressive strength and water absorption tests on variations of plastic-sand-
based paving blocks, and discusses the influence of plastic composition on the material’s mechanical performance.
The analysis was conducted to identify the optimal mix ratio and to understand the strengthening mechanisms
occurring within the composite structure.

The data presented in Figure 5 and Figure 6 show that compositions with higher plastic content yield better
compressive performance. The mixture with 75% plastic and 25% sand recorded the highest compressive strength
at 11.64 MPa. The 100% plastic composition also exhibited a relatively high compressive strength of 10.82 MPa.
However, when the sand proportion increased, the performance declined significantly; the 25% plastic and 75%
sand ratio reached only 8.91 MPa, making it the variation with the lowest value.

This phenomenon indicates that under the processing conditions used, plastic appears to act as a more
dominant binding matrix compared to sand. This finding aligns with studies on plastic—sand interlocking blocks,
which report that an increased plastic fraction can produce a more compact structure because the molten polymer
is able to coat and bind sand grains more uniformly, thereby enhancing the compressive strength of the material
[16]. Similar results have been observed in PET-sand brick research, where a polymer matrix processed at
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appropriate melting temperature can form a dense and stable structure, thus contributing significantly to
mechanical strength despite a lower aggregate content [17]. Furthermore, other studies have demonstrated that
increasing the proportion of certain plastics (e.g., HDPE or PET) in the mixture can improve mechanical
performance and material durability, provided that the composition and melting process are properly controlled
[18].

on <
16,00 Q 2 % =
= o % a3 N
514,00 2’*% N~$:3
= — T ()
= 12,00 = =
2 10,00 3
8
& 8,00
(]
Z 6,00
£ 400
g 2,00
Q
0,00
PB100 PB75 PB50 PB25

Plastic-Sand Rasio

m Sample 1 Sample 2 ®Sample3 ®Sample4 ®Sample5

Figure 4. Compressive strength variations of paving blocks with different plastic-sand ratios
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Figure 5. Average compressive strength of paving blocks with varying plastic-sand ratios

The 75% plastic composition performs better than 100% plastic because it provides an optimal balance between
the plastic binder and the sand aggregate. At this ratio, the plastic is sufficient to coat and adhere to the sand grains
evenly, allowing the load to be distributed more effectively throughout the material. The bond between the plastic
and sand helps spread stress uniformly, reducing weak points that could lead to cracking. In contrast, the 100%
plastic composition lacks enough sand as a structural filler, so even though the plastic matrix is dense, overall
stiffness and stress distribution are less effective. Therefore, the 75% plastic : 25% sand ratio produces a composite
structure that is more stable, compact, and mechanically stronger.

When the compressive strength values are compared with the SNI 03-0691-1996 standard, two variations
100% plastic and 75% plastic : 25% sand have met the minimum requirement for Quality Class D, which stipulates
an average compressive strength above 10 MPa. Therefore, these two compositions have the potential for
application in light to medium-duty uses, particularly in pedestrian areas, residential yards, or public facilities with
low loading.

These finding also indicate that the liquid plastic-based bonding system in this study tends to perform
optimally when the aggregate content is not excessively high, as an excess of sand can hinder the formation of a
compact polymer matrix. This factor should be carefully considered in the further development of plastic waster
based paving block products.
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3.2 Water Absorption
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Figure 6. Percentage of water absorption in paving block samples with various plastic

4,00 3,78
3,50
3,00
= 2,45
g 250
a
5 2,00
2 1,32
2 150
8 1,00
<
= 0,50 0,27
0,00 [ |
PB100 PB75 PB50 PB25

Plastic-Sand Rasio

Figure 7. Average water absorption of paving blocks with varying plastic-sand ratios

This section discusses the results of water absorption tests on plastic-sand based paving blocks. Water absorption
is an important indicator for assessing the material’s resistance to water penetration, which affects the durability
and quality of the paving blocks. The analysis was conducted to evaluate the influence of varying plastic-to-sand
ratios on the blocks’ water absorption capacity, in order to identify the optimal composition. The test results were
subsequently compared with the SNI 03-0691-1996 standard to assess the material’s compliance in terms of quality
class.

Figure 7 and Figure 8 illustrates an interesting pattern of water absorption in paving blocks with varying
plastic-sand mixture ratios. The 100% plastic composition exhibited the lowest absorption rate, whereas the block
with a 25% plastic : 75% sand ratio showed the highest water absorption. This decrease in absorption is consistent
with the increasing proportion of plastic. Compared to the SNI 03-0691-1996 standard, the water absorption values
of the high-plastic-content variations fall within Quality Classes A (3%) and B (6%), while the maximum limit for
Class D according to the standard is 10%.

These findings reinforce the hypothesis that plastic in the mixture acts as a matrix filler that seals pores and
reduces water penetration. This is consistent with the results reported by Mildawati (2023), who found that the
addition of waste PP in paving blocks led to increased water absorption, and at low plastic proportions, porosity
rose drastically [19]. Similarly, a study using recycled LDPE demonstrated that at a pure plastic composition
(100%), water absorption was very low, approximately 0.317% [20].

The low water absorption in blocks with dominant plastic content is likely due to the non-hygroscopic
nature of the polymer: molten plastic can form a coating layer around sand grains, reducing capillary pores within
the material. This is supported by pragmatic research, such as the study by Fauzi & Mustakim, which showed that

polypropylene-based paving blocks exhibit relatively low water absorption at certain ratios due to a sufficiently
dense polymer-sand bonding [21].
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The effect of low water absorption is crucial from a structural feasibility perspective; the reduced internal
porosity makes the blocks more resistant to chemical reactions, physical stresses, and mechanical loads. This factor
contributes to a longer service life by limiting water ingress, which can cause cracking. Conversely, increased
water absorption in blocks with higher sand content indicates higher porosity, which can accelerate the decline in
compressive strength and increase the risk of structural damage such as cracking or breaking over time.

3.3 Abrasion Resistance
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Figure 8. Percentage of abrasion resistance of paving blocks with various plastic-sand mixture ratios
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Figure 9. Average abrasion resistance of paving blocks with varying plastic-sand ratios

This section presents the results of abrasion tests on plastic-sand based paving blocks. Abrasion resistance is a key
parameter for evaluating surface durability and long-term performance under frictional wear. The analysis focuses
on the effect of varying plastic-to-sand ratios on the rate of material wear, highlighting the role of plastic in
enhancing surface strength. The results provide insight into optimal compositions that improve abrasion resistance,
which is critical for practical applications under different load and traffic conditions.

Figure 9 and Figure 10 illustrates the abrasion trends of paving blocks with varying plastic-to-sand ratios:
the higher the sand proportion, the faster the material wears. For instance, in the PB100 variation (100% plastic),
the abrasion rate ranges between 0.037 and 0.062 mm/min, whereas in PB25 (25% plastic : 75% sand), the wear
rate sharply increases to approximately 0.201-0.226 mm/min. These findings clearly demonstrate that a high
plastic content significantly enhances the abrasion resistance of paving blocks.

The thermoplastic properties of LDPE and PP make the material more flexible, so when friction occurs, the
surface is less prone to cracking or breaking. Plastics tend to distribute and absorb shear forces, thereby reducing
abrasion. This is supported by previous research where Rajat Akrawal et al. (2023) reported that paver blocks with
a high plastic proportion (LDPE/PP) exhibited lower abrasion values compared to mixtures with low plastic
content [22].

Table 2. Paving Block Quality Standards of SNI-03-0691-1996

Compressive Strength Abrasion Resistance
. Average Water
Grade (MPa) (mm/menit) Absorption (%)
Average Min Min Average P 1
A 40 35 0.09 0.103 3
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B 20 17 0.130 0.149 6
C 15 12.5 0.160 0.184 8
D 10 8.5 0.219 0.251 10

According to the SNI 03-0691-1996 standard, the PB100 and PB75 variations are classified as Quality Class A,
PB50 falls into Class C, and PB25 is categorized as Class D due to its relatively high abrasion (Table 2.). These
results demonstrate that selecting the plastic ratio is not merely a matter of material substitution but is closely
related to physical durability against abrasion. The low wear coefficient of blocks with dominant plastic content
can be a significant advantage in applications requiring resistance to friction, such as pedestrian sidewalks or other
light-use areas.

4. CONCLUSION

This study demonstrates that plastic waste can effectively function as a binder material for paving blocks, where
an increased plastic proportion results in improved mechanical performance. Among the tested variations, the 75%
plastic : 25% sand composition exhibited the most optimal performance, with a compressive strength of 11.64
MPa, water absorption of 1.32%, and abrasion resistance of 0.098 mm/min. The 100% plastic variation also
showed high performance, with a compressive strength of 10.82 MPa and abrasion rates between 0.037 and 0.062
mm/min, while the low-plastic mixture (25%) experienced a significant decline in performance, with a
compressive strength of 8.91 MPa, water absorption of 3.78%, and abrasion rates of 0.201-0.226 mm/min.
Therefore, the best performance was achieved at the 75% plastic : 25% sand ratio, indicating the optimal
combination of strength, abrasion resistance, and water absorption. According to SNI 03-0691-1996, the PB100
and PB75 variations meet Class A quality, PB50 falls into Class C, and PB25 is categorized as Class D. Overall,
a high plastic ratio has been proven to produce paving blocks with low porosity, high abrasion resistance, and
better mechanical performance, indicating the great potential of plastic waste as a sustainable construction
material. These paving blocks have specific prospective applications as materials for sidewalks, pedestrian
pathways, parking areas, light-duty roads, and as an eco-friendly alternative in modular or prefabricated
construction systems.
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AUTOMATIC POLYALUMINIUM CHLORIDE (PAC)
DOSING CONTROL SYSTEM FOR WATER
PURIFICATION USING NODEMCU-ESP32
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Politeknik Negeri
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Indonesia. Abstract. This study discusses the design and implementation of a control

2) Refrigeration Engineering system for a water pump used to inject PAC solution into raw water, thereby
and Air Conditioning, producing treated water that meets quality standards. The pump’s operating
Politeknik Negeri duration is adaptively controlled based on the turbidity level of the water to be
Indramayu, Jawa Barat, clarified. The system employs a turbidity sensor as the input signal, which
Indonesia. generates data to be processed by a NodeMCU-ESP32 device serving as the

central controller. Subsequently, the controller issues commands to the water
pump, functioning as the actuator, to perform the PAC injection process.
Experiments were conducted on three types of water sources, namely river
water, paddy field water, and groundwater, with initial turbidity levels of 29,
35, and 64 NTU, respectively. The results showed that all water samples were
successfully clarified to a turbidity value of 0 NTU within 47, 120, and 137
minutes, respectively. At the beginning of the treatment process, turbidity value
readings exhibited fluctuations due to the initial mixing of PAC solution with
raw water. However, the turbidity values steadily decreased once the PAC and
suspended particles were fully settled. To facilitate monitoring, the system is
equipped with an IoT feature via the Firebase platform, which displays
numerical indicators including water volume, turbidity level, pump speed,
pump operating duration, and water status classified according to clarity. This
innovation is expected to contribute as an effective water purification
automation technology, expecially for small- and medium-scale clean water
treatment facilities.
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Keywords : Water pump, Polyalumunium Chloride (PAC), turbidity sensor, NodeMCU-ESP32, IoT

1. INTRODUCTION

The availability of clean water is a fundamental requirement for human life and public health [1], [2]. Clean water
services are delivered through a series of raw water treatment processes designed to ensure water quality and safety
[3]. One of the most crucial stages in this process is coagulation and flocculation, which aim to remove suspended
particles and colloids responsible for water turbidity [4], [5]. At this stage, Polyaluminium Chloride (PAC)
chemical is widely used as a coagulant due to its several advantages, including high effectiveness in precipitating
contaminants, good flocculation and sedimentation capabilities, and a wide operational range of pH and
temperature, while requiring only relatively low dosages [1], [6], [7]-

The determination of PAC dosage in water treatment is generally carried out manually or semi-
automatically through estimation or laboratory tests, such as the Jar Test [8], [9], [10], [11], [12]. Although
effective, this method has several limitations, including low responsiveness to fluctuations in raw water quality,
the risk of overdosing or underdosing that may affect both water quality and operational costs, as well as the
absence of comprehensive and real-time data for optimal decision-making [12], [13]. Bello and Owoeye modeled
the dosing pump control using Proportional Integral (PI), Proportional Integral Derivative (PID), and Model
Predictive Control (MPC) techniques. The results indicated that MPC outperformed the other methods in both
servo-control and regulatory-control responses, exhibiting faster rise time, shorter settling time, absence of
overshoot, and superior set-point tracking capability compared to PI and PID [14]. In addition, Kurniawan et al.
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conducted a study on the control of Palm Oil Mill Effluent (POME) quality using a PAC solution, processed
through a fuzzy logic algorithm embedded in an Arduino Mega 2560. The findings demonstrated that the turbidity
sensor effectively detected a reduction in wastewater turbidity from 160 to 138 Nephelometric Turbidity Units
(NTU) within 12 minutes, with the results satisfying the regulatory standards for wastewater discharge [15].
Despite achieving turbidity levels below 150 NTU, the effluent turbidity remained relatively high, suggesting that
further optimization of the treatment process is necessary to enhance effluent quality and ensure greater
environmental protection prior to discharge. Fadliondi and Purwanto also constructed a motor pump control system
for PAC dosing using a Programmable Logic Controller (PLC). The study demonstrated that the motor speed was
adjusted according to the turbidity level of the raw water, enabling the PAC solution to be injected based on the
required dosage. However, the experiment was limited to a single turbidity condition of 50 NTU with a motor
speed of 375.36 rpm [16]. The absence of testing across multiple turbidity levels limits the comprehensiveness and
generalizability of the research findings, as it does not provide sufficient evidence regarding the system’s
performance, stability, and responsiveness under varying raw water conditions that commonly occur in real
operational environments.

Based on the aforementioned description, this study focuses on controlling pump operating duration
according to raw water turbidity to adjust the PAC dosage required for the coagulation process. The system utilizes
a turbidity sensor to measure water clarity and transmit data to a NodeMCU-ESP32 controller, which regulates
pump activation and sends monitoring data to the Internet of Things (IoT) cloud platform for real-time display via
Firebase. This approach is expected to enhance operational efficiency in the PAC dosing process and support the
sustainable provision of clean water that meets regulatory standards [17].

2. METHODS

2.1 System Design

The water purification control system was designed using three main components: a turbidity sensor module to
measure the turbidity level of raw water, a GP-129JXK Panasonic water pump to inject the PAC solution into the
turbid water, and a NodeMCU-ESP32 serving as both the system controller and the internet interface. According
to Figure 1(a), the turbidity sensor receives power from the 5V-GND pins, with its analog output routed to GP1034
of the ESP32 through a resistor voltage divider circuit to ensure that the signal remains < 3.3 V in accordance with
the Analog-to-Digital Converter (ADC) operating limit. The ADC value represents digital data obtained from the
conversion of the turbidity sensor’s analog signal. The value then transforms into a voltage level for futher
processing in the ESP32 [18], [19]. Subsequently, the module IR infrared obstacle sensor is connected to GP102
as a digital input. The relay is supplied from the 5V pin and controlled via GPI023, functioning to connect or
disconnect the current to the water pump. The primary power source is a 12 V adapter, which is converted to 5 V
DC via a step-down module to supply the entire circuit. The overall system is illustrated in the form of a block
diagram, as displayed in Figure 1(b).

Following the proper connection of all component pins as shown in Figure 1(a), the system was
programmed using Arduino IDE 1.8.19, with the code shown in Figure 1(c). This sketch employs an ESP32 to
monitor water quality using a turbidity sensor, an infrared sensor, and a relay module, with the acquired data
transmitted to Firebase via WiFi. Sensor readings are processed using a median filter to reduce noise, while an
interrupt routine is utilized to count RPM pulses, and the water status is classified based on NTU values. In
summary, the program is designed to acquire sensor data with improved accuracy, control the pump, and present
real-time water quality conditions through Firebase.

Real-time data display and internet connectivity were implemented through the Firebase platform, with
the program code presented in Figure 1(d). The code from lines 1 to 139 represents a web-based water monitoring
dashboard that integrates Bootstrap for layout design, Chart.js for data visualization, and the Firebase Realtime
Database for real-time sensor data storage. The initial section defines the HTML structure, CSS styling, and sidebar
navigation, followed by information cards displaying water volume, turbidity (NTU), RPM, pump operating
duration, and water status, along with corresponding graphical visualizations. The final section contains the
Firebase configuration, the updateGauge function for dynamically updating values and indicators, and the
initialization of the RPM chart. Overall, this code constructs a monitoring interface that presents real-time sensor
data in the form of numerical values, indicators, and graphical charts.
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Figure 1. System architecture. (a) wiring diagram, (b) block diagram, (c) controller program code,
and (d) firebase program code of the system.

2.2 Working Principle of System

The system operates by utilizing a turbidity sensor as an input device to measure the turbidity level of raw water.
The measurement data are transmitted to the ESP32 microcontroller, which activates a relay to drive a water pump
that injects PAC solution into the raw water reservoir. The water pump operation is adjusted according to the
turbidity level, as presented in Table 1. An infrared sensor is installed on the water pump to measure its rotational
speed. After the PAC solution is injected, the mixing process is performed conventionally for 15 minutes.
Subsequently, turbidity measurements are performed in real-time and connected to the internet to facilitate remote
monitoring. The water generally becomes clear within 47 to 137 minutes after the addition of the PAC solution.
In this study, three types of raw water with different turbidity levels were examined, namely river water, rice field
water, and ground water.

Table 1. The Pump Operating Duration Based on Water Turbidity

Turbidity Range (NTU) Pump Operating Duration (second)

4-30 9.4
31-60 16.5
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> 60 28.5

2.3 PAC Dosage and Turbidity Measurement

To clarify water using PAC chemical, a dosage of 13—130 ppm is required depending on the turbidity level of the
raw water [20], [21], [22]. In this study, an 82.5 ppm PAC solution was applied to treat 5 liters of turbid water.
The operating time of the water pump was regulated according to the measured turbidity level. The turbidity value
of the raw water was calculated using Eq. (1), where 7 denotes the turbidity (NTU), a represents the slope of the
linear relationship between turbidity variation and voltage, V' is the output voltage of the turbidity sensor obtained
from ADC-to-voltage conversion, and b indicates the intercept of the linear relationship [23].

T=aV+b (1

The calibration process of the turbidity sensor is performed using standard solutions with known turbidity
values, such as 0 NTU (distilled water) and several reference points (e.g., 50 and 100 NTU). The sensor is
immersed in each solution, and the corresponding analog output voltage is recorded through a ESP32
microcontroller. The collected data are plotted to establish the relationship between output voltage and NTU value,
from which a calibration equation—typically linear within a specific measurement range—is derived. Based on
this calibration, the control system operates according to the predetermined threshold values obtained during the
calibration stage. Measurement accuracy is evaluated by comparing sensor readings with the reference standards
and calculating the percentage error. Under stable testing conditions, the sensor turbidity generally provides an
accuracy of approximately £5-10%, depending on calibration quality, optical cleanliness, and ambient lighting
conditions.

3. RESULTS AND DISCUSSION

3.1 Water Purification Data

The designed system successfully operated in accordance with the implemented program. The system could clarify
three types of water, with varying treatment durations depending on the initial turbidity level. Measurement data
were recorded every 2.5 minutes through the Firebase platform and systematically stored in a digital dataset.

As shown in Figure 2(a), river water with an initial turbidity of 29 NTU was successfully clarified through
the injection of a PAC solution using a water pump, resulting in a turbidity reduction to 0 NTU within 47 minutes.
The turbidity sensor effectively detected changes in turbidity throughout the treatment period. However, the sensor
readings exhibited fluctuations due to instability of the sensing device. This phenomenon is caused by the
temporary stickiness of some PACs and suspended particles to the sensor probe, which reduces the light intensity
received by the photodiode and results in elevated turbidity readings. After the particles settle, the light intensity
received by the photodiode increases, and the turbidity readings decrease in accordance with the actual water
clarity [24], [25]. A consistent decrease in turbidity values was observed during the last seven minutes prior to
complete purification. Figure 2(b) shows the purification process of paddy field water with an initial turbidity of
35 NTU. A similar pattern was observed in the sensor readings, where turbidity values fluctuated during the early
stages of measurement. However, a more consistent decline in turbidity was recorded, with minor noise detected
within the first ten minutes. Figure 2(c) presents the turbidity data of ground water over time, with an initial value
of 64 NTU. The purification process lasted for 137 minutes, during which turbidity readings were unstable and
showed significant fluctuations at the 32nd and 60th minutes. Nevertheless, a consistent decrease in turbidity with
minor noise occurred from the 65th minute until the final stage of purification. Furthermore, Figure 2(d) presents
the pump operating duration based on the turbidity level of the water. The higher the turbidity, the longer the pump
operating time required.
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Figure 2. Experimental Data of Water Purification for Various Water. (a) River Water, (b) Rice Field Water, (c)
Ground Water, and (d) Pump Operation Duration against Water Turbidity Level

The detailed experimental results of the clarification process for three types of raw water are presented in Table 2.
It is observed that higher initial turbidity levels require longer treatment durations to achieve complete clarification
(0 NTU). The 0 NTU value represents the actual measured turbidity for each sample and corresponds to the
minimum detection limit of the turbidity sensor employed. The final outcome of the purification process is
illustrated in Figure 3, demonstrating that within a specified time frame, all three types of raw water were
successfully clarified automatically by the proposed system.

The experiments were conducted repeatedly to ensure system reliability and data consistency. Although
minor variations were observed among the recorded results, these differences were not significant and did not
affect the overall trend of the findings. Overall, the system exhibited stable performance and consistent
responsiveness in regulating the pump operating duration according to the detected turbidity level. The water pump
effectively injected the PAC solution into the raw water based on the measured turbidity value. The implementation

of this prototype is expected to enhance the efficiency of PAC utilization, particularly in small- to medium-scale
clean water treatment facilities.

Table 2. Results of Water Purification

Water Type Initial Turbidity (NTU)  Final Turbidity (NTU)  Purification Duration (min)
River Water 29 0 47
Rice Field Water 35 0 120
Ground Water 64 0 137
River Water Rice Field Water Ground Water
29 NTU 35 NTU 64 NTU
Before  After Before After Before After

Treatment Treatment Treatment Treatment Treatment Treatment

Figure 3. Visual Comparison of Various Types of Water Prior to and Following Treatment
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3.2 Website Dashboard Interface

The website provides a real-time dashboard for monitoring water quality. Numerical indicators include water
volume (L), turbidity (NTU), pump speed (RPM), pump operating time (s), and water status categorized according
to clarity (see Figure 4). Graphs of these parameters facilitate effective tracking of changes, while a side navigation
panel offers system settings, Excel data export, and main page access. Integration with Firebase ensures real-time
data storage and updates via the internet.

Monitoring Dashboard Monitoring Air
5.58L 0 15.51 detik
Status Air: Jernih (aman

domestik)

[ —] =

SEaa

Figure 4. Website Dashboard Interface

4. CONCLUSION

This work successfully clarified various types of water automatically through the injection of a PAC solution into
raw water. Three water sources with initial turbidity levels of 29, 35, and 64 NTU were clarified to a final turbidity
of 0 NTU within 47, 120, and 137 minutes, respectively. At the beginning stage of the purification process,
turbidity readings exhibited fluctuations caused by the stickiness of some PACs and suspended particles to the
sensor probe, which affected the intensity of light captured by the photodiode. However, once these particles
settled, turbidity readings decreased consistently. Overall, the turbidity sensor proved effective in detecting
changes in the turbidity levels of the samples during the treatment process. For monitoring purposes, the system
integrates an loT feature through the Firebase platform, providing numerical indicators such as water volume,
turbidity level, pump speed, pump operating time, and water status categorized by clarity.
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Abstract. Manual meatball production in small and medium enterprises often
CQHesponding ?maill)* o results in inconsistent product mass and low production efficiency. This study
sitiduratun@polinema.ac.id aims to analyze the effect of screw conveyor speed and cutter diameter on the

production performance of an automatic meatball forming machine. The

experiment was conducted at the Mechanical Engineering Laboratory,

Politeknik Negeri Malang, using the Design of Experiment (DOE) factorial

method. The independent variables were screw conveyor speed (124 rpm, 140

rpm, and 160 rpm) and cutter diameter (20 mm, 25 mm, and 30 mm), while the

dependent variables were the produced meatball mass and production capacity.

Data were analyzed using Minitab 21 software with a Two-Way ANOVA test to

evaluate the influence of the main factors and their interaction on the output.

The results show that both independent variables significantly affect the

meatball mass (p-value < 0.05). Higher screw conveyor speeds increased

meatball mass but reduced the number of meatballs produced, while larger
cutter diameters generated heavier meatballs with lower production capacity.

Response optimization analysis revealed the best combination at a screw speed

of 124 rpm and a cutter diameter of 30 mm, yielding a desirability value of 0.93.

This configuration produced meatballs within the optimal weight range of 15—

25 grams with minimal power consumption. It can be concluded that the precise

adjustment of screw conveyor speed and cutter diameter significantly improves

product uniformity, machine performance, and production efficiency,
supporting productivity enhancement in small-scale food manufacturing
industries.

Keywords: Meatball forming machine; Screw conveyor, Cutter diameter; Production capacity, Factorial
DOE.

1. INTRODUCTION

The consumption of processed meat products in Indonesia continues to increase along with population growth and
changing consumption patterns. One of the most popular processed foods is meatballs (bakso), appreciated for
their distinctive taste and high nutritional content. The growing demand for meatballs encourages small and
medium enterprises (SMEs) to enhance production capacity and efficiency [1]. However, most small-scale
culinary industries in Indonesia still rely on manual production methods, resulting in inconsistent product mass,
long processing time, and low production efficiency [2], [3].

Irregular meatball mass is one of the main issues in manual production, as it affects the efficiency of raw
material use, production time, and final product quality. In mechanical design, the screw conveyor speed and cutter
diameter are two crucial parameters that influence the flow rate of dough and the uniformity of the produced
meatballs [4]. The screw conveyor functions to push the dough from the hopper toward the nozzle, while the cutter
forms the dough into spherical meatballs of uniform size. Variations in these two parameters significantly affect
the mass and production capacity of the machine [5], [6].
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Previous studies have shown that increasing the screw conveyor speed enhances the extrusion rate of the
dough but can reduce the number of meatballs produced per minute [7]. Conversely, a larger cutter diameter results
in heavier meatballs but decreases the total production rate [8]. Although several studies have investigated the
design and improvement of meatball forming machines, research that simultaneously examines the interaction
between screw speed and cutter diameter remains limited [9].

Although previous studies have independently examined the influence of screw conveyor speed or cutter
diameter on meatball mass and production capacity, most of these investigations focused on single-parameter
effects and did not consider the combined interaction between these two critical design variables. In practical
machine operation, screw speed and cutter diameter do not work independently; instead, their interaction directly
determines dough flow behavior, cutting frequency, and final product uniformity. Therefore, a systematic
experimental study is required to quantify the interaction effects between screw conveyor speed and cutter diameter
using a factorial design approach. Such an interaction-based analysis has not been adequately addressed in earlier
works, particularly for small-scale automatic meatball forming machines intended for SME applications. This
study fills this gap by providing a comprehensive statistical evaluation of both main effects and interaction effects,
thereby offering new insights for optimizing machine performance and product consistency.

Based on these considerations, this study aims to analyze the effect of screw conveyor speed and cutter
diameter on the production results of an automatic meatball forming machine. The findings are expected to provide
a scientific basis for developing efficient and reliable meatball-forming machines and serve as a technical reference
for SMEs to improve productivity and maintain product quality.

2. METHODS

2.1 Research Approach

This study employed a quantitative experimental approach using a Design of Experiment (DOE) factorial design.
The method was selected to identify the influence of main factors and their interaction on the production
performance of the meatball forming machine [10]. The vertical meatball forming machine used in this study is a
custom-designed and self-fabricated prototype, developed specifically for experimental and research purposes at
the Mechanical Engineering Laboratory, Politeknik Negeri Malang. The machine was designed to accommodate
controlled variation of key mechanical parameters, particularly screw conveyor speed and cutter diameter, which
are not easily adjustable in commercially available machines. The prototype consists of a vertical screw conveyor
system, a stainless-steel hopper, a nozzle outlet, and interchangeable cutter blades, allowing systematic evaluation
of machine performance under different operating conditions. This custom-built configuration ensured full control
over the machine geometry and operating parameters, thereby improving experimental accuracy and repeatability.

Figure 1. Design of meatball forming machine

2.2 Research Variables

The selected screw conveyor speeds of 124 rpm, 140 rpm, and 160 rpm were determined based on the available
pulley combinations installed on the prototype machine. The machine was driven by a 0.5 HP electric motor, and
the variation in screw speed was achieved by changing the diameter ratio of the driving and driven pulleys. The
speed of 140 rpm was defined as the nominal design speed, corresponding to the nominal pulley configuration. To
evaluate machine performance above and below the design condition, two additional pulley combinations were
selected, resulting in screw speeds of 124 rpm (lower limit) and 160 rpm (upper limit). This range was chosen to
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represent realistic operating conditions while ensuring stable dough flow and safe mechanical operation.
The independent variables used in this experiment were:

- Screw conveyor speed (A): 124 rpm, 140 rpm, and 160 rpm.

- Cutter diameter (B): 20 mm, 25 mm, and 30 mm.

220 mm 225 mm 2 30 mm

Figure 2. Cutter blade diameter variations (20 mm, 25 mm, and 30 mm)

The dependent variables consisted of:

- Meatball mass (g) — average weight per unit.

- Production capacity (balls/min) — number of meatballs produced per minute.

Controlled variables included dough composition, motor power, and processing temperature. The motor used was
a 0.5 HP induction motor with a nominal speed of 1400 rpm. The dough mass was maintained at 1 kg per batch to
ensure consistency in flow and extrusion behavior [11].

2.3 Tools and Materials

The main tools used in this study included a vertical meatball forming machine prototype, a digital tachometer, a
precision weighing scale (0.01 g accuracy), a clamp meter, and a stopwatch. The forming machine featured a
stainless-steel hopper with a 10 kg capacity, a screw conveyor with a 37.5 mm diameter, and a replaceable cutter
blade at the nozzle outlet [12].

To ensure consistent dough properties throughout the experiments, a fixed and controlled dough
composition was applied for all test runs. Each batch consisted of 1 kg of ground meat, 150 g of tapioca flour, and
50 ml of water, mixed thoroughly until a homogeneous and workable dough was obtained. This composition was
maintained constant for all experimental trials to minimize variations in viscosity and density, thereby ensuring
that any observed differences in meatball mass and production capacity were primarily caused by changes in screw
conveyor speed and cutter diameter rather than material inconsistencies [13].

2.4 Experimental Procedure

The research procedure consisted of several stages:

1. Preparation Stage

The machine components were inspected and calibrated. Pulley ratios were adjusted to produce the desired screw
speeds. Cutter blades with three diameters (20, 25, and 30 mm) were installed sequentially.
2. Experimental Stage

- Each test used 1 kg of dough inserted into the hopper.

- The motor was activated, and the actual rotational speed was measured using a tachometer.
- The formed meatballs were collected, boiled until they floated, and weighed after cooking.
- Production rate (balls/min) was recorded for each combination of factors.

3. Replication Stage

Each treatment combination was replicated four times to ensure data reliability [14].

4. Data Documentation

All test results were recorded in structured data sheets and analyzed statistically.

2.5 Data Analysis

The experimental data were analyzed using Microsoft Excel and Minitab 21. The analysis process included:

- Normality test using Normal Probability Plot to verify data distribution.

- Two-Way ANOVA to evaluate the significance of main factors (A and B) and their interaction at a 95%
confidence level (o= 0.05).

- Interaction effect analysis using Interaction Plots to visualize the combined effects of screw speed and cutter
diameter.

- Response optimization using Response Surface Methodology (RSM) to determine the optimal parameter
combination that achieves the desired meatball mass (15-25 g) with minimum energy consumption [15], [16].

This methodology aligns with modern design of experiments principles, as commonly applied in mechanical
process optimization and industrial machine performance studies [17].
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3. RESULTS AND DISCUSSION

3.1 Experimental Results

The experiment produced data on the average mass of meatballs and the production capacity of the machine at
various combinations of screw conveyor speed and cutter diameter. Data were collected from nine treatment
combinations, each replicated four times to ensure accuracy and reliability.

The results indicate that increasing the screw conveyor speed from 124 rpm to 160 rpm tends to increase the
average mass of the meatballs. This occurs because the higher rotational speed generates greater pushing pressure
inside the screw chamber, resulting in a larger volume of dough being extruded per unit time [4]. However, at the
highest speed, the dough flow became unstable, producing irregularly shaped meatballs.

Conversely, increasing the cutter diameter from 20 mm to 30 mm produced heavier meatballs but reduced the
number of balls formed per minute. This is consistent with the theory that a larger cutting cross-section allows
more dough volume per cut, which increases mass but decreases output frequency [5].

Table 1. Measurement Results of Meatball Mass and Production Capacity

Screw Cutting Average mass of meatballs Average of Average Power
conveyor Blade produced by the machine in the all number of (watt)
Speed Diameter replication (gram) replications  meatballs in
(RPM) (mm) (gram) all
I II I v replications
(pes)
160 (3,5") 30 15,67 16,73 16,18 15,45 16,01 37
25 15,76 14,59 16,41 16,17 15,73 43 396
20 12,73 15,53 1547 13,11 14,21 61
140 (4") 30 17,80 16,60 18,00 16,38 17,20 41
25 14,00 14,10 15,70 13,29 14,27 55 352
20 13,00 12,67 13,13 13,53 13,08 63
124 (4,5") 30 15,30 15,40 15,90 16,00 15,65 66
25 14,08 13,75 15,08 14,00 14,23 70 330
20 12,56 11,94 12,22 12,59 12,33 80

Note: The average number of meatballs represents the total number of meatballs produced from a 1 kg dough
batch for each treatment combination.

Based on Figure 3, there is a clear trend showing that the meatball mass increases along with the screw
conveyor speed. The average mass rises from 14,1 grams at 124 rpm to 15,3 grams at 160 rpm. This increase
indicates that the higher the screw conveyor rotation, the greater the volume of dough pushed through the nozzle
before being cut by the rotating blade. As the screw conveyor speed increases, the helical thrust acting on the
dough also increases proportionally, resulting in a higher extrusion rate per unit of time. When the cutter speed is
assumed constant, the extrusion flow rate is mainly influenced by screw speed, which consequently increases the
mass of the meatballs produced.

Journal of Engineering Design and Technology 20



LOGIC
Jurnal Rancang Bangun dan Teknologi Vol. 26 No. 1 March 2026

16

15

14

Meatball Mass (gram)

13

124 140 160
Serew conveyor speed (RPM)

Figure 3. Relationship between Screw Conveyor Speed and Meatball Mass

This experimental finding is consistent with the results reported by Sugiyanto and Mubtadi [5] and Yogi [7], who
found that higher screw rotation speeds lead to increased extrusion flow rate and material mass per unit time. The
relationship is also theoretically supported by the mass flow equation:

s
S )Y
M = 4‘1) :;TIGD[?(:]’ (1)

Refer to Eq. (1), Where the rotational speed # is directly proportional to the extruded mass M. Assuming other
parameters such as screw diameter (D), screw pitch (S), and dough density (y) remain constant, the increase in
rotational speed results in a greater mass flow rate through the nozzle. Therefore, as the screw conveyor speed
increases, the meatball mass formed also increases, aligning with the principles of fluid mechanics in semi-solid
material extrusion systems.

Based on the graph in Figure 4. it can be observed that increasing the screw conveyor speed significantly
affects the electric motor power required. As the rotational speed (RPM) increases, the mixing and pressing process
of the dough becomes more intensive, causing the motor to draw greater power to overcome the load. The orange
line on the graph represents the power trend, which rises from 330 W at 124 rpm to 396 W at 160 rpm, while the
blue line shows a simultaneous increase in meatball mass from 14.07 g to 15.32 g. This trend indicates that higher
screw conveyor speeds not only increase the extrusion rate and dough output but also demand higher electrical
energy input from the motor to maintain torque and rotational stability.
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Figure 4. Screw conveyor speed versus electric motor power requirements
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The experimental findings are consistent with previous studies by Sandra and Meiselo [19] and Ulaan et al. [20],
who reported that an increase in screw rotation speed results in higher motor power consumption due to increased
frictional resistance and dough compression inside the screw channel. The phenomenon aligns with the mechanical
power equation:

P =T x2nn/60 @)

Refer to Eq. (2), proposed by Khurmi and Gupta [21], where power (P) is directly proportional to rotational speed
(n) when torque (T) remains constant. Since the dough mass and load were kept constant during testing, torque
can be assumed constant, making motor power consumption linearly dependent on screw speed. Therefore, it can
be concluded that the higher the screw conveyor speed, the greater the motor power required, corresponding to the
mechanical work needed to extrude a larger dough mass per unit time.

In this analysis, the torque (T) is assumed to be constant because the dough mass, composition, and processing
conditions were kept constant throughout all experimental runs. Under controlled material properties and uniform
dough loading, variations in motor power consumption are primarily attributed to changes in screw conveyor
rotational speed.
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Figure 5. Effect of Screw Conveyor Speed on Meatball Production Capacity

Based on the graph in Figure 5, it can be observed that increasing the screw conveyor speed leads to a decrease in
the number of meatballs produced per batch. As the rotational speed (RPM) rises, the extrusion and compression
process inside the screw channel becomes faster, causing more dough to be pushed through the nozzle before each
cutting cycle. Consequently, the average mass per meatball increases, while the total number of meatballs produced
decreases. The green line in the graph shows a downward trend in the number of meatballs as screw speed
increases, whereas the blue line indicates an upward trend in the average mass per unit. This finding implies that
higher screw conveyor speeds result in fewer, but heavier, meatballs due to the increased extrusion rate per cut
cycle.

The selection of three screw conveyor speeds was intended to represent low, nominal, and high operating
conditions of the meatball forming machine. The middle speed (140 rpm) was defined as the design reference
speed, corresponding to the initial pulley configuration of the machine. Two additional speeds, 124 rpm and 160
rpm, were selected to evaluate machine performance below and above the design condition, respectively. This
three-level setting enables systematic assessment of both linear trends and interaction effects in the factorial Design
of Experiments, while maintaining stable machine operation and practical relevance for small-scale industrial
applications.
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The experimental result is consistent with the study conducted by Yogi [7], which reported that higher screw
rotation reduces the total number of formed meatballs due to the proportional increase in dough mass per cut. This
phenomenon can also be explained using Equation (3):

Number of meatballs (pieces) = ___Doughmass (gram) 3)
Meatball mass (gram/piece)

As screw conveyor speed increases, the meatball mass per piece becomes larger (as confirmed in Subsection
before). Consequently, the denominator in Equation (3) increases, resulting in a smaller overall number of
meatballs produced per unit of dough. Therefore, it can be concluded that faster screw conveyor rotation reduces
the number of meatballs while increasing the mass of each unit, aligning with the mechanical extrusion behavior
of viscous dough systems.
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Figure 6. Effect of Cutting Blade Diameter on Meatball Mass

Based on the graph in Figure 6, it can be observed that the cutting blade diameter has a significant effect on the
average mass of the meatballs produced. Three blade diameters (20 mm, 25 mm, and 30 mm) were selected to
represent small, medium, and large cutting geometries commonly used in small-scale meatball forming machines.
This range allows systematic evaluation of how changes in cutting cross-sectional area influence the volume of
dough extruded per cutting cycle. As the blade diameter increases, a larger amount of dough passes through the
nozzle before being cut, resulting in heavier meatballs. The use of three diameter levels enables identification of
mass trends and supports interaction analysis with screw conveyor speed, providing a practical basis for selecting
blade sizes that balance product uniformity and production capacity. The average meatball mass increases from
13.21 g at a 20 mm blade diameter to 16.28 g at a 30 mm blade diameter. These values represent the mean results
from all combinations of screw conveyor speeds for each blade diameter level. The cutting blade diameter
determines the size of the dough portion extruded through the nozzle; thus, a larger blade diameter allows more
dough to pass during each cutting cycle. Consequently, meatballs formed with larger blade diameters tend to have
greater volume and mass. This demonstrates that the mechanical geometry of the cutter directly influences product
size uniformity and weight consistency.

The experimental findings are consistent with the studies by Seprianto [8] and Yogi [7], who reported that
an increase in cutting diameter results in larger and heavier products. The dimensional relationship between blade
diameter and dough output can be explained by the volume of the extruded section, which increases proportionally
with the square of the cutter diameter. Therefore, as the cutting blade diameter increases, the dough expelled per
cycle also increases, leading to heavier meatballs with greater mass per unit. This finding emphasizes the
importance of cutter design in optimizing product weight and maintaining consistency in automated meatball
forming machines.
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Figure 7. Effect of Cutting Blade Diameter on Meatball Production Capacity

Based on the graph in Figure 7, it can be seen that the cutting blade diameter significantly affects the number and
mass of meatballs produced. The green line in the graph shows a decreasing trend in the number of meatballs as
the cutter diameter increases, while the blue line shows a corresponding increase in average meatball mass. This
indicates that as the cutting blade diameter becomes larger, each portion of dough extruded through the nozzle per
cycle also becomes greater, resulting in fewer but heavier meatballs. The larger diameter blades create meatballs
with greater volume, which directly impacts both the dimensional size and total mass of each product formed
during the extrusion-cutting process.

These experimental findings are consistent with Yogi [7], who reported that larger cutting diameters reduce
the total number of meatballs produced because of the proportional increase in the mass of each unit. The
relationship between the number of meatballs and their individual mass can also be explained by Equation (3),
where the number of meatballs is inversely proportional to the average mass per piece. Thus, as the cutting blade
diameter increases, the denominator of the equation becomes larger, reducing the total count of meatballs formed
from a fixed amount of dough. Consequently, it can be concluded that increasing the cutting blade diameter leads
to heavier but fewer meatballs, which aligns with mechanical extrusion theory and previous experimental results.

3.2 Statistical Analysis

The experimental data were processed using the Design of Experiment (DoE) factorial method in Minitab 21 to
evaluate the effect and interaction of independent variables—screw conveyor speed and cutting blade diameter—
on the dependent variable, namely the average mass of meatballs produced. A two-way Analysis of Variance
(ANOVA) was applied to statistically determine the significance of each variable and their interaction. This
method allows for an in-depth analysis of both the main and interaction effects between factors. Prior to conducting
the ANOVA test, the Kolmogorov—Smirnov normality test was performed to verify data distribution. A p-value
greater than 0.05 indicates normally distributed data.

As shown in Figure 8, the normal probability plot demonstrates that the data points closely follow the
diagonal line, suggesting that the experimental data are approximately normally distributed. The obtained p-value
was 0.099 > 0.05, confirming normality. Furthermore, the green box on the graph represents the standard deviation,
calculated at 1.621 g from 36 experimental samples. This value indicates that the measured meatball masses
exhibited a low level of variation, reflecting consistent machine performance throughout the trials.
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Figure 8. Normal Probability Plot of Meatball Mass Distribution.

The two-way ANOVA test was conducted to determine the statistical significance of each factor and their
interaction effect. A p-value threshold of 0.05 was used to decide whether to reject the null hypothesis (Ho). When
p <0.05, the variable is considered statistically significant. According to Waluyo et al. [22], this approach provides
an objective basis for interpreting results in factorial experiments. The outcomes of the ANOVA test are
summarized in Table 2 below.

Table 2. Two-Way ANOVA Results for Screw Conveyor Speed and Cutting Blade Diameter.

Source of Variation DF Adjusted SS Adjusted MS F-Value P-Value
Screw Conveyor Speed (RPM) 2 4.876 2.438 8.32 0.002
Cutting Blade Diameter (mm) 2 8.923 4.462 11.47 0.000
Interaction (Speed*Diameter) 4  2.581 0.645 4.26 0.020
Error 27 10.502 0.389 — —
Total 35 26.882 — — —

From Table 2, it can be concluded that both screw conveyor speed and cutting blade diameter have significant
effects on meatball mass, as their p-values (0.002 and 0.000) are below 0.05. Moreover, the interaction term (p =
0.020) also indicates a significant relationship, suggesting that the effect of one factor depends on the level of the
other. Hence, both parameters, individually and jointly, play crucial roles in determining product mass consistency.

The Interaction Effect Plot shown in Figure 9 visually confirms this finding. The plotted lines representing
different screw speeds intersect rather than run parallel, which signifies a strong interaction between screw
conveyor speed and cutting blade diameter [23]. For instance, at a screw speed of 160 rpm, the meatball mass
increased from 14.21 g (20 mm) to 16.01 g (30 mm), whereas at 124 rpm, the mass increased from 12.33 g to
15.65 g across the same blade diameters. The intersecting lines highlight that changes in blade diameter produce
varying effects depending on the screw rotation speed.
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Figure 9. Interaction Effect Plot between Screw Conveyor Speed and Cutting Blade Diameter.

This interaction implies that the effect of cutter diameter on meatball mass is dependent on the selected screw
conveyor speed. For practical operation, this means that an operator aiming to increase meatball mass by enlarging
the cutter diameter may obtain different results depending on the screw speed setting applied to the machine.
Therefore, optimal parameter selection should consider both factors simultaneously rather than independently.

The Response Optimization feature in Minitab 21 was used to determine the most effective combination of
process parameters that maximize production efficiency and product uniformity. The desirability function was
employed to evaluate how well each parameter setting met the optimization target. As depicted in Figure 10, the
desirability (D) value reached 0.93, which falls into the excellent optimization category.

The optimal condition was achieved at a screw conveyor speed of 124 rpm and a cutting blade diameter of
30 mm, which produced meatballs within the target range of 15-25 g. This setting also resulted in the highest
number of pieces (>65 per batch) and the lowest electrical power consumption. Consequently, the combination of
124 rpm screw speed and 30 mm cutter diameter was identified as the most efficient and effective configuration,
demonstrating superior machine performance in terms of both productivity and energy efficiency.
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Figure 10. Response Optimization Plot

3.3 Discussion

The experimental results demonstrate that both screw conveyor speed and cutting blade diameter have
significant effects on the mass, quantity, and production capacity of meatballs. Increasing the screw conveyor
speed enhances the extrusion rate, resulting in greater dough flow through the nozzle and consequently heavier
meatballs. This behavior is consistent with mass flow and extrusion principles reported in food and material
processing studies, where increased rotational speed leads to higher material throughput per unit time [24], [26].
However, this increase in speed also elevates the electric motor power consumption, indicating a higher mechanical
load during dough compression, which aligns with established mechanical power relationships in screw-driven
systems [27]. Conversely, larger cutting blade diameters generate meatballs with higher mass but fewer total
pieces, as the volume of dough per cut increases, a phenomenon widely observed in food-forming and extrusion
operations [25]. These findings are consistent with previous studies by Sugiyanto and Mubtadi [5], Seprianto [8],
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and Yogi [7], which collectively confirm that mechanical and geometric parameters in food-forming machines
directly influence product mass and energy efficiency.

Statistical analysis using Two-Way ANOVA further validates these relationships, showing that both
independent factors—screw speed and cutter diameter—have significant main effects (p < 0.05), while their
interaction also exhibits a notable influence on meatball mass. The interaction plot revealed intersecting trend
lines, confirming that the impact of screw speed depends on the level of cutter diameter and vice versa, as
commonly reported in factorial experimental studies involving interacting mechanical parameters [28].
Furthermore, the response optimization results are in agreement with established Response Surface Methodology
principles, where multi-parameter optimization is required to balance product quality and energy consumption
[29]. The optimal setting at 124 rpm screw speed and 30 mm cutter diameter yielded meatballs within the target
mass range of 15-25 g with the lowest energy requirement, achieving a desirability score of 0.93, which is
categorized as excellent optimization. These outcomes reinforce that integrating mechanical design analysis with
statistical optimization is an effective approach for developing efficient and reliable automated food-processing
equipment suitable for small and medium enterprises [25], [30].

4. Conclusion

Based on the experimental and statistical analyses, it can be concluded that both screw conveyor speed and cutting
blade diameter significantly influence the mass, number, and production capacity of meatballs produced by the
machine. Higher screw speeds increase dough extrusion and meatball mass but also elevate motor power
consumption, while larger cutting diameters yield heavier yet fewer meatballs. The interaction between these two
parameters was statistically significant, indicating that their effects are interdependent. The optimal performance
was achieved at a screw conveyor speed of 124 rpm and a cutting blade diameter of 30 mm, which produced
meatballs within the target mass range of 15-25 g, more than 65 pieces per batch, and with the lowest power
consumption. These results demonstrate that the developed meatball-forming machine operates efficiently and
effectively, providing a valuable reference for optimizing food-processing equipment in small and medium-scale
industries. However, this study has several limitations. The experiments were conducted using a single dough
formulation and a fixed batch mass of 1 kg, while variations in dough composition, moisture content, and
rheological properties may influence extrusion behaviour and cutting performance. In addition, the investigation
focused on two main mechanical parameters, without considering other potentially influential factors such as cutter
rotational speed, screw geometry, motor type, and long-term operational stability. Future research is therefore
recommended to examine a wider range of dough formulations, expand machine parameters, and evaluate
continuous operation performance, energy efficiency over extended use, and product quality attributes such as
texture and sensory acceptance. Such studies would further enhance the applicability of the machine for diverse
production conditions and broader industrial implementation.
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Abstract. This study presents a mathematical modeling and thermal
performance analysis of a Thermoelectric Cooler Box equipped with two hot-
side heat rejection systems: a Water Cooling Block and a Heatsink—Fan.
Thermoelectric cooling offers an environmentally friendly alternative to vapor-
compression refrigeration because it operates without refrigerants and requires
only low-voltage DC power. The objective of this work is to evaluate the
influence of electrical current on temperature distribution, cooling capacity
(Qc), and the coefficient of performance (COP) of a TEC1-12706 module under
both cooling configurations. The mathematical model is formulated based on
the energy balance between the cold and hot sides, incorporating the Peltier
effect, thermal conduction, and Joule heating losses. Numerical simulations
were performed in Python for currents ranging from 1 to 7 A. The results show
that the WCB reduces the hot-side temperature (Tx) by 6—8 °C compared with
the HSF, indicating superior heat rejection. However, despite producing a lower
T. and larger AT, the WCB yields slightly lower Q. (<10%) and COP (=5-7%)
because lower T. reduces the a/Tc term and larger AT increases back-
conduction. The maximum COP for both systems occurs at 3-4 A,
corresponding to a temperature difference (AT) of approximately 28 °C.
Although the cooling capacity of the WCB is slightly lower (<10%) due to
increased back-conduction, it offers better thermal stability and long-term
performance consistency. Overall, the developed mathematical model captures
the TEC’s thermal behavior and is supported by comparison with published
TEC1-12706 performance trends, providing a reliable foundation for
optimizing water-cooled thermoelectric designs. This work contributes an
explicit WCB-HSF comparison across operating current to highlight
performance tradeoffs for cooler-box design.

Keywords : Thermoelectric Cooler (TEC), Water Cooling Block (WCB), Heatsink—Fan, Coefficient of

Performance (COP), Mathematical Modeling

1. INTRODUCTION

The demand for efficient, compact, and environmentally friendly cooling systems continues to increase alongside
advancements in modern technology. Conventional vapor-compression cooling systems generally offer high
efficiency; however, their use presents several issues, including high energy consumption, the use of refrigerants
that may harm the ozone layer, and limited flexibility for small-scale applications [1]. Consequently, there is
growing interest in alternative cooling technologies that are simpler and more environmentally sustainable. These
concerns are widely summarized in review studies [2], [3].

One promising solution is the Thermoelectric Cooler (TEC), which utilizes the Peltier effect to generate
cooling without the need for working fluids. When an electric current is applied, TEC modules absorb heat from
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one side (cold side) and release it on the opposite side (hot side). These characteristics make TECs widely used in
portable cooling systems, food and medicine storage, medical devices, and electronic component cooling such as
computer processors. The main advantages of TEC systems include their simple structure, absence of vibration,
refrigerant-free operation, and ease of electronic control [4].

However, TEC-based cooling systems have an inherent drawback in the form of low thermal efficiency.
This low efficiency is primarily caused by limitations in heat dissipation on the hot side of the module. If the heat
from the hot side is not effectively removed, the module temperature will rise, reducing the temperature differential
between the hot and cold sides and consequently decreasing cooling capacity [5]. In addition, increasing the
electrical current supplied to the module generates Joule heating losses, which further degrade cooling performance
[6].

To address these issues, a more effective heat dissipation system is required. One widely adopted innovation

is the integration of a Water Cooling Block (WCB) and a heatsink—fan (HSF) assembly on the hot side of the
thermoelectric module. This combination enables faster heat removal because the water inside the WCB has a high
heat capacity and can absorb thermal energy efficiently [7], [8]. Meanwhile, the heatsink—fan accelerates air
convection, allowing the heat absorbed by the coolant to be released rapidly into the environment. This integrated
system has been proven to reduce the hot-side temperature and directly improve cooling performance and the
Coefficient of Performance (COP). However, systematic and design-oriented comparisons of WCB versus
compact HSF under identical TEC modules, boundary conditions, and operating-current sweeps particularly for
cooler-box configurations remain limited, leaving the performance tradeoffs insufficiently quantified.
Several previous studies have demonstrated that water-based cooling significantly enhances TEC system
efficiency [9], [10]. Research by Adeniji et al. reported that the use of a water cooling block could reduce hot-side
temperature by more than 15 °C compared with natural air cooling [11]. Similarly, Sharma found that increasing
the water flow rate in a WCB system improved cooling capacity by up to 25% before reaching thermal saturation
[12]. These findings emphasize that effective heat dissipation design is a key factor in improving thermoelectric
performance [13].

Although various experimental studies have been conducted, purely experimental approaches have
limitations in explaining the complex interactions between electrical and thermal aspects within the system [14].
Therefore, a mathematical modeling approach is needed to describe system behavior comprehensively. Such an
approach enables analysis of the relationships among electrical current, temperature difference, heat transfer rate,
and COP without requiring repetitive physical testing. Mathematical models can also be used to determine optimal
operating conditions and evaluate the effectiveness of additional heat dissipation components such as WCBs and
heatsink—fans in improving overall system efficiency. Lumped-parameter, energy-balance TEC models are
commonly used to predict Te, 7} O., and COP and to identify optimum operating current, providing a justified
basis for the present approach [15], [16].

This study specifically focuses on the mathematical modeling and thermal performance analysis of a
Thermoelectric Cooler Box (TECB) equipped with a Water Cooling Block (WCB) and a heatsink—fan. Unlike
prior work that often evaluates a single heat-rejection option or reports limited operating points, this study applies
a unified model and Python-based current sweep to directly compare WCB and HSF for the TEC1-12706 under
consistent assumptions, thereby making the performance tradeoffs (temperature distribution, Q., and COP) explicit
for cooler-box design. The novelty of this research lies in combining mathematical modeling with Python-based
numerical simulations to compare the efficiency of two heat dissipation systems (WCB and HSF) for the TEC1 -
12706 module, a topic that has received limited attention in previous literature [8], [17].

2. METHODS

The cooling system modeled in this study consists of a single thermoelectric (TEC) module installed between a
cold plate and a hot-side heat rejection system (either a Water Cooling Block (WCB) or a heatsink—fan (HSF),
depending on the configuration analyzed). On the hot side, heat generated by the module is transferred to the
coolant water through conduction in the WCB (WCB configuration) or directly to the surrounding air through the
heatsink—fan (HSF configuration). Meanwhile, the cold side of the module absorbs heat from the air inside the
cooler box through a lumped/effective internal convection coefficient /s, [2], [3]. The cooling process is driven
by the Peltier effect, whereas the primary heat losses originate from Joule heating due to the applied electrical
current and back-conduction of heat from the hot side to the cold side [15], [16]. The schematic design of the
system, including the heat flow direction and the function of each component, is shown in Figure 1.
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Figure 1. Schematic of the mathematical model of the Thermoelectric Cooler Box (TEC) equipped with a Water
Cooling Block (WCB) and a heatsink—fan.

To simplify the calculation process, the present model adopts several assumptions. The thermoelectric (TEC)
module material is considered homogeneous and isotropic. Heat transfer is assumed to occur only in one
dimension, from the cold side to the hot side. The ambient temperature is maintained at 30 °C. Heat transfer
through the WCB and heatsink is treated as a steady-state process, and the cooling effect due to natural convection
is neglected on the hot-side external heat rejection path in comparison with forced convection generated by the
fan. In contrast, heat transfer on the cold side is represented using the effective internal coefficient /.. (Table 1)
to couple the box air to the cold surface. For each operating current, T and T, are solved as steady-state values
(quasi-steady current sweep), and transient cooling of the box air is not considered in this model.

The operating current in the simulation ranges from 1 A to 7 A, with increments of 1 A. For each current
level, the cold-side temperature (T.), hot-side temperature (Ts), absorbed heat load (Q.), rejected heat (Qn), and
the coefficient of performance (COP) are calculated based on the ratio between cooling capacity and electrical
input power.

The mathematical modeling of the Thermoelectric Cooler Box (TEC-WCB-Heatsink—Fan) system is
derived from the energy balance on both the cold and hot sides of the thermoelectric module. The model
incorporates the three dominant mechanisms governing TEC operation: the Peltier effect, thermal conduction, and
Joule heating resulting from the applied electrical current [10], [18]. All thermal/electrical parameters and symbols
used in the governing relations are defined with units in the corresponding parameter tables.

Table 1. Input data for the mathematical simulation of the TEC-WCB-Heatsink system.

No Parameter Symbol Value Unit Description

Voltage generated per temperature

! Seebeck coefficient ¢ 0.045 VK difference across the TEC module
) Interna'l electrical R mod 25 0 Internal electrical resistance of the TEC
resistance - module
Thermal conductivity Heat conduction between the hot and
3 of TEC module K_th 0.5 WK cold sides of the TEC
4 Ambient temperature T amb 30.0 °C Temperature of the surrounding air
5 Im.tla'l temperature T box 25.0 oC Initial air temperature inside the cooling
inside the box - chamber
Convective heat . .
6 transfer coefficient h box 50 W/mK Convectn{e heat transfer coefficient on
. - the cold side
(cold side)
7 Cold-side surface area A c 0.02 - Contact area between TEC cold side
- and cooler box
2 Heatsink convective h s 50.0 W/mK Convect{ve heat transfer coefficient on
coefficient - the hot side
9 Heatsink surface area A s 0.03 m? Heat transfer area on the hot side
10 Contact area of water A wh 0.01 - Heat transfer area between water
block - ) cooling block and TEC
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11 Water mass flow rate m w
12 Water density p W
13 Dynamic viscosity of W
water -
Specific heat capacity
14 of water cPp
15 Thermal conductivity K w
of water -
16 Hydraulic diameter of D h
coolant channel -
17 Operating current I

range

0.15
1000.0
1x107?

4182.0

0.6

0.01

1.0-7.0

Mass flow rate of coolant in the water

simulation

k&S plock
kg/m? Density of coolant (water)
Pa-s Dynamic viscosity of water at room
temperature
J/kg:K  Heat capacity of water
W/m-K  Thermal conductivity of water
m Hydraulic diameter of the water block
channel
A Current range used in TEC performance

The mathematical modeling of the Thermoelectric Cooler system (TEC—WCB-Heatsink—Fan) is developed based
on the energy balance between the cold and hot sides of the TEC module. The relationship between the electrical
and thermal parameters of the TEC is expressed through a series of equations (1-21), as presented in Tables 2 and
3. To avoid ambiguity, each equation is accompanied by explicit variable definitions; Eq. (20) is provided as an
algebraic rearrangement of Eq. (2) for computational convenience, hence they are identical in form and outcome.

Table 2. Basic mathematical formulations for the Thermoelectric Cooler (TEC) module

Limitations Calculations No
Cold-side temperature T, =Ty, — AT, + BI (1)
Hot-side temperature Tp = Tamb + Qthh,mtal (2)
Temperature difference between the hot and cold AT =T, —T
: n— 1 (3)
sides
1
Cooling capacity at the cold side Q. =alT, — El R—K(T, - T,) 4)
I : 1
Heat rejection rate at the hot side Qp =T, — 2 I’R+K(T, —T,) %)
Electrical voltage across the TEC module V=alT,-T.)+IR (6)
— V] = 2
Total electrical power input Pe=VI=al(T, - T) +I°R (7
. COoP = %

Coefficient of Performance (COP) - P, (8)
Optimum operating current ot (T, —T,) + % R 9)
Table 3. Heat transfer parameters of the Water Cooling Block (WCB)

Limitations Calculations No
Cooling water mass flow rate my, = pwA Wy (10)

ch
w) _ -
Heat dissipated by the Water Cooling Block R T Mwlpw (TW, — Ty, ) (11)
out in
) —
Heat dissipated by the heatsink—fan assembly B =hAs(T, =T ) (12)
amb
. Re = pquh

Reynolds number of the cooling water flow - Ly (13)
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Pr = Cp,w Hw
Prandtl number of the coolant r= (14)
w
Nusselt number (Dittus—Boelter correlation) Nu = 0.023 Re®®Pr04 (15)
Nuk,,
Convective heat transfer coefficient of the WCB hy, = D (16)
h
1
Convective thermal resistance of the WCB R = a7
th,w hWAW
1
Convective thermal resistance of the heatsink—fan R  =— (18)
th,hs hsAs
. . R =R +R +R
Total thermal resistance on the hot side thtotal th TEC thw thhs (19)
Hot-side temperature based on total thermal resistance Th=T +QuR (20)
amb th,total
Cold-side temperature derived from the box air T.=T +Q.R
c c Q21
temperature box th,cold

The mathematical formulations (1)—(21) described above constitute the foundation of the numerical model used to
predict the temperature distribution, cooling capacity, and coefficient of performance of the Thermoelectric Cooler
Box (TEC) system under two cooling configurations: the Water Cooling Block (WCB) and the heatsink—fan
(HSF). All equations were implemented using Python programming, with operating current variations ranging
from 1 to 7 A to obtain the thermal performance profile of the system. Each current point is treated as a steady-
state operating condition (quasi-steady sweep), and transient responses are outside the present scope.

3. RESULTS AND DISCUSSION

3.1 Cold-Side Temperature Response Under Varying Electrical Current

Figure 2 illustrates the relationship between electrical current and the cold-side temperature (T.) for the two cooling
configurations, namely the Water Cooling Block (WCB) and the heatsink fan (HSF). The graph shows that
increasing the current results in a decrease in cold-side temperature for both systems. However, the temperature
reduction in the WCB configuration is significantly greater than in the HSF system [10], [11]. This phenomenon
occurs because, in thermoelectric systems, higher current intensifies the Peltier effect, which governs heat transfer
from the cold side to the hot side of the TEC module. As the current increases, more electrons transport thermal
energy, resulting in stronger cooling on the cold side. Nevertheless, this beneficial effect is only maintained if the
heat on the hot side (Thx) can be effectively dissipated to the environment. In the HSF configuration, heat rejection
relies solely on forced-air convection, where air has relatively low specific heat capacity (C,) and thermal
conductivity compared with water. In contrast, the WCB system utilizes water as the coolant, enabling faster heat
absorption through conduction and forced circulation. This mechanism helps maintain a stable and lower hot-side
temperature (Th), thereby increasing the temperature difference (AT = Ty, — T.). These results confirm that the
effectiveness of heat removal on the hot side has a direct impact on cold-side cooling performance. Consequently,
the WCB provides superior thermal stability for the TEC module, reduces the risk of overheating, and sustains
optimal cooling performance over longer operating durations [19]. However, the larger AT produced by WCB
also increases conductive heat leakage (back-conduction, KAT) from the hot side to the cold side, which can
reduce net Qc and COP even when Tc¢ becomes lower (discussed later in Sections 3.2-3.3).
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Temperature vs Current (Cooling Mode)

45 A
—e— Tc_WCB
—&— Tc_Fan

Temperature (°C)
w w N
o (9] o
1 1 1

N
wui
!

N
(=]
1

15 -

4 5 6
Current (A)

- -
N
w
~ 4

Figure 2. Relationship between electrical current and cold-side temperature (T of WCB and T, of HSF).

3.2 Cooling Capacity Characteristics as a Function of Electrical Current
Figure 3 presents the relationship between cooling capacity (Qc) and electrical current (I). In general, both the
WCB and the HSF systems exhibit an increasing trend in Q. as the current increases. This behavior aligns with the
fundamental theory of the Peltier effect, where the cooling capacity is proportional to the applied current up to the
optimum operating limit of the module. However, the simulation results show that the Q. values of the HSF system
are slightly higher than those of the WCB system across all current levels.

The relation of cooling capacity and current can be explained using the Peltier equation. At a given current,
the net cooling capacity may be written as: Q. = alT, — % I2R — KAT Where alT, is the Peltier cooling term, 1 ;2p

is the Joule-heating penalty, and KAT represents back-conduction. The WCB system produces a lower cold-side
temperature (T.) due to its more effective hot-side heat dissipation. A lower T. reduces the contribution of the alT,
term in the Peltier cooling equation, resulting in a slightly lower Q. compared with the HSF system [20], [21].
Nevertheless, the difference is relatively small (<10%) and does not indicate a substantial reduction in
performance. Another factor influencing this behavior is back-conduction (KAT). Since the WCB system maintains
a larger temperature difference AT, conductive heat losses between the cold and hot sides become slightly higher,
which further decreases the net Q. [22], [23]. From a practical standpoint, these findings indicate that although the
HSF system yields slightly higher cooling output, it does so at the cost of higher hot-side temperature and reduced
thermal stability; moreover, achieving the same low T. as WCB would typically require higher current and thus
higher electrical power input. In contrast, the WCB system offers superior thermal stability and overall efficiency,
even though its Q. values are marginally lower.
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Cooling Capacity vs Current
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Figure 3. Variation of cooling capacity (Q.) for WCB and HSF systems with electrical current.

3.3 Coefficient of Performance Trend with Increasing Electrical Current
Figure 4 shows the relationship between the Coefficient of Performance (COP) and the electrical current. Both
systems exhibit similar characteristics: the COP increases at low currents, reaches a peak at approximately [ =3—
4 A, and then decreases at higher currents. This behavior reflects the existence of an optimal operating point for
the thermoelectric module. At low currents, an increase in current causes Qc to rise more rapidly than the electrical
power input (Pt = V x I), leading to improved efficiency. However, at higher currents, power losses due to Joule
heating (I’R) become dominant, resulting in a reduction in COP [10]. Across the entire current range, the HSF
system consistently achieves slightly higher COP values compared with the WCB system. This behavior is
associated with the lower cold-side temperature (T.) produced by the WCB configuration, which reduces the a7
term in the Peltier cooling equation, leading to a slightly lower net cooling capacity under the same operating
current [20], [21]. In other words, although WCB increases 4T and lowers T, the net Q. can decrease because the
alT, term drops while the back-conduction loss KAT increases; since COP= Q./P;, and P;, is comparable at the
same current, this slightly lower Q. translates into a slightly lower COP. Even so, the performance difference
remains small (approximately 5-7%), indicating that both systems operate within similar efficiency ranges.
Despite having a slightly lower COP, the WCB configuration maintains superior thermal stability due to more
effective heat rejection at the hot side. By keeping Th lower and more stable, WCB minimizes thermal
accumulation and preserves a stronger temperature gradient across the TEC module, which contributes to long-
term reliability and reduces thermal degradation [22], [23].

The maximum COP of the WCB system reaches approximately 0.78, while the HSF system peaks at around
0.83 within the 3—4 A range. These findings are consistent with previous studies reporting that water-based heat
exchangers enhance hot-side heat removal, improve thermal uniformity, and optimize operational conditions for
thermoelectric devices [24]. Liu et al. further demonstrated that COP is strongly dependent on hot-side fluid
temperature, aligning with the present results that show improved performance stability in systems using water
cooling [25]. This emphasizes the critical importance of efficient heat rejection in maximizing the performance of
thermoelectric cooling systems [26]. Overall, the simulation results demonstrate that the TEC system equipped
with a Water Cooling Block and a heatsink—fan provides a more balanced heat distribution between the hot and
cold sides. The stable AT observed in the medium current range (approximately 2—4 A), along with the maximum
COP occurring within this interval, indicates that the system can operate efficiently when the current is adjusted
to its optimal value. These findings agree with earlier studies highlighting that enhanced hot-side cooling
significantly improves thermoelectric efficiency [19], [27]. Therefore, the mathematical model developed in this
study successfully represents the physical behavior of the TEC and can serve as a foundation for design
optimization using CFD simulations or for future experimental validation. In real implementation, WCB is
generally more suitable for long-duration operation, higher ambient temperatures, or applications prioritizing
thermal stability and reliability (at the expense of added components such as pump/tubing), whereas HSF is more
suitable for low-cost, compact, and portable systems where simplicity and ease of maintenance are primary
requirements.
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COP vs Current
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Figure 4. Comparison of COP between the WCB and HSF systems.

4. CONCLUSION
Based on the results of the mathematical modeling and numerical analysis conducted in this study, the following
conclusions can be drawn:

1.

Increasing the electrical current supplied to the thermoelectric module (TEC1-12706) leads to a rise in
the hot-side temperature (Th) and a decrease in the cold-side temperature (T ¢), reaching an optimum point
at approximately 4 A, where the maximum temperature difference (AT) is about 28 °C.

The Water Cooling Block (WCB) configuration is capable of maintaining a lower hot-side temperature,
achieving 6-8 °C lower Ti compared with the Heatsink—Fan (HSF) system. This confirms that the water-
cooling approach provides more effective heat rejection than air-based cooling.

The cooling capacity (Qc) of the WCB system is slightly lower (<10%) than that of the HSF system due
to increased back-conduction heat transfer resulting from the larger AT. Nevertheless, the WCB system
demonstrates superior thermal stability, especially during sustained operation.

The maximum COP for both systems occurs at medium current levels (=<3—4 A), which represents the
most efficient operating point before Joule heating (I°R) becomes dominant.

Simulation results indicate that the HSF system achieves a slightly higher COP (about 5—7%) than the
WCB system over the entire current range. However, the WCB configuration still provides better long-
term stability, as its more effective hot-side cooling reduces thermal accumulation and maintains a
stronger temperature gradient across the TEC module.

The mathematical model developed in this study successfully captures the physical behavior of the TEC
system, including the interaction of Peltier cooling, Joule heating, back conduction, and hot-side heat
removal. Therefore, it can serve as a foundation for design optimization, CFD-based investigations, or
future experimental validation of water-cooled thermoelectric systems. From a design perspective, these
results imply that selecting WCB versus HSF should be based on the target application: WCB is
preferable when hot-side temperature control and long-duration stability are critical, while HSF is
preferable when simplicity, compactness, and lower system complexity are prioritized, with the operating
current ideally maintained near 3—4 A for efficient performance.

5. REFERENCES

[1] M. Mirmanto, S. Syahrul, M. Wirawan, I. M. A. Sayoga, A. T. Wijayanta, and 1. Mahyudin, “Performance
of a Thermoelectric Powered by Solar Panel for a Large Cooler Box,” Adv. sci. technol. eng. syst. j., vol. 5,
no. 1, pp. 325333, Feb. 2020, doi: 10.25046/aj050141.

[2] K. Zhu et al., “A general White—Box strategy for designing thermoelectric cooling system,” InfoMat, vol. 4,
no. 11, p. €12324, Nov. 2022, doi: 10.1002/inf2.12324.

[3] Z.Xu, C. Li, H. Zhao, Y. Zheng, and J. Zhang, “Design and performance analysis of hot side heat sink of
thermoelectric cooler device based on simulation and experiment,” Energy Science & Engineering, vol. 11,
no. 12, pp. 4463—4480, Dec. 2023, doi: 10.1002/ese3.1591.

Journal of Engineering Design and Technology 36



LOGIC
Jurnal Rancang Bangun dan Teknologi Vol. 26 No. 1 Month 2026

[4] F. A. M. A. Ali, S. M. A. M. Reda, M. A. M. Hussein, S. K. Ayed, L. Jassim, and H. S. Majdi,
“Thermoelectric-Driven Room Air Cooling via a Multi-U Shaped Heat Sink System,” IJHT, vol. 41, no. 4,
pp- 1000-1006, Aug. 2023, doi: 10.18280/ijht.410421.

[5] E. Yudiyanto, R. S. Setiabudi, A. Hardjito, S. Adiwidodo, and B. Pranoto, “Effect of Velocity and Type of
Cooling Fluid on Peltier Heat Transfer for Car Cabin Cooling Applications,” JSAE, vol. 5, no. 2, p. 76, Sep.
2022, doi: 10.31328/jsae.v5i2.4036.

[6] P. E. Ruiz-Ortega, M. A. Olivares-Robles, and C. A. Badillo-Ruiz, “Transient thermal behavior of a
segmented thermoelectric cooler with variable cross-sectional areas,” Int J Energy Res, vol. 45, no. 13, pp.
19215-19225, Oct. 2021, doi: 10.1002/er.7123.

[7] B. Pfeiffelmann, A. C. Benim, and F. Joos, “Water-Cooled Thermoelectric Generators for Improved Net
Output Power: A Review,” Energies, vol. 14, no. 24, p. 8329, Dec. 2021, doi: 10.3390/en14248329.

[8] N. T. Atmoko, A. Jamaldi, and T. W. B. Riyadi, “An Experimental Study of the TEG Performance using
Cooling Systems of Waterblock and Heatsink-Fan,” AE, vol. 5, no. 3, pp. 261-267, Jun. 2022, doi:
10.31603/ae.6250.

[9] Kennedy, K. Anwar, A. Muis, B. Basri, and M. Ilhamsyah, “Effect of thermoelectric placement on the
commercial waterblock to the liquid cooling system performance,” J. Phys.. Conf. Ser., vol. 1763, no. 1, p.
012039, Jan. 2021, doi: 10.1088/1742-6596/1763/1/012039.

[10] Politeknik Negeri Bali, I. W. Sutina, A. Winarta, Politeknik Negeri Bali, I. N. A. A. Saputra, and Politeknik
Negeri Bali, “Performance Analysis of Thermoelectric Cooler Box with Water Cooling Block (WCB) and
Heat Sink Fan,” LOGIC, vol. 25, no. 2, pp. 93-99, Jul. 2025, doi: 10.31940/logic.v25i2.93-99.

[11] A. P. Adeniji, R. Sule, E. I. Ogunwale, and W. A. Ayara, “Development and Performance Evaluation of
Portable water-cooling system using thermoelectric peltier modules,” IOP Conf. Ser.: Earth Environ. Sci.,
vol. 1492, no. 1, p. 012024, Apr. 2025, doi: 10.1088/1755-1315/1492/1/012024.

[12] H. Sharma, G. Saxena, R. Randa, and R. S. Rajput, “Novel hybrid vehicle battery cooling system: Integrating
Peltier-based heat sinks for control of thermal management,” Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering Science, vol. 239, no. 17, pp. 7135-7157, Sep. 2025,
doi: 10.1177/09544062251343501.

[13] N. Numan, M. Mahdi, and M. Ahmed, “A Comparative Experimental Study Analysis of Solar Based
Thermoelectric Refrigerator Using Different Hot Side Heat Sink,” ETJ, vol. 40, no. 1, pp. 90-98, Jan. 2022,
doi: 10.30684/etj.v4011.2058.

[14] B. 1. Robertson, Y.-H. Shin, and J.-W. Choi, “A Thermoelectric Temperature Control Module for a Portable
Fluorescent Sensing Platform,” J. Electrochem. Soc., vol. 167, no. 14, p. 147505, Nov. 2020, doi:
10.1149/1945-7111/abc35d.

[15] E. Fang, X. Wu, Y. Yu, and J. Xiu, “Numerical modeling of the thermoelectric cooler with a complementary
equation for heat circulation in air gaps,” Open Physics, vol. 15, no. 1, pp. 27-34, Mar. 2017, doi:
10.1515/phys-2017-0004.

[16] L. Liet al., “Performance Optimization of a Thermoelectric-Water Hybrid Cooling Garment,” Adv Materials
Technologies, vol. 9, no. 21, p. 2301069, Nov. 2024, doi: 10.1002/admt.202301069.

[17] Y. Ma, M. Zhao, J. Li, J. Wang, and L. Hu, “Cooling Effect of Different Land Cover Types: A Case Study
in Xi’an and Xianyang, China,” Sustainability, vol. 13, no. 3, p. 1099, Jan. 2021, doi: 10.3390/su13031099.

[18] T. N. Widianto and C. Mahendra, “Kinerja Susunan dan Jumlah Elemen Peltier pada TEC Alat Transportasi
Ikan Segar,” JPBKP, vol. 14, no. 1, p. 75, Jun. 2019, doi: 10.15578/jpbkp.v14i1.567.

[19] M. J. Dousti and M. Pedram, “Platform-dependent, leakage-aware control of the driving current of embedded
thermoelectric coolers,” in International Symposium on Low Power Electronics and Design (ISLPED),
Beijing, China: IEEE, Sep. 2013, pp. 311-316. doi: 10.1109/ISLPED.2013.6629315.

[20] Z.Tark, A. J. Hamed, and A. H. N. Khalifa, “Performance Study of the Thermoelectric Personal Cooler under
Different Ambient Temperatures,” IJHT, vol. 40, no. 1, pp. 53—-62, Feb. 2022, doi: 10.18280/ijht.400107.

[21] T. Tanehira, Y. Furubayashi, A. Yamamoto, K. Yonemori, S. Miyoshi, and S.-1. Kuroki, “Calculation of
Seebeck Coefficients for Advanced Heat Transfer Modules,” ECS Trans., vol. 80, no. 5, pp. 57-62, Aug.
2017, doi: 10.1149/08005.0057ecst.

[22] N. Wang et al., “An Enhanced Thermoelectric Collaborative Cooling System With Thermoelectric Generator
Serving as a Supplementary Power Source,” IEEE Trans. Electron Devices, vol. 68, no. 4, pp. 1847-1854,
Apr. 2021, doi: 10.1109/TED.2021.3059183.

[23] P. Kolber, D. Perczynski, and K. Peszynski, “Investigation of A Thermoelectric Cooling System Based on A
Peltier Module Using A Temperature Chamber,” presented at the Engineering Mechanics 2020, 2020, pp.
278-281. doi: 10.21495/5896-3-278.

[24] A. Zelazna and J. Golebiowska, “A PV-Powered TE Cooling System with Heat Recovery: Energy Balance
and Environmental Impact Indicators,” Energies, vol. 13, no. 7, p. 1701, Apr. 2020, doi:
10.3390/en13071701.

Journal of Engineering Design and Technology 37



LOGIC
Jurnal Rancang Bangun dan Teknologi Vol. 26 No. 1 Month 2026

[25] Z.B. Liu, L. Zhang, G. Gong, Y. Luo, and F. Meng, “Experimental study and performance analysis of a solar
thermoelectric air conditioner with hot water supply,” Energy and Buildings, vol. 86, pp. 619-625, Jan. 2015,
doi: 10.1016/j.enbuild.2014.10.053.

[26] K. Roungbungrud, P. Chantawong, and J. Khedari, “Development of a Stand-Alone Thermoelectric Power
Generator Using Heat of Refrigerant Leaving the Condenser and Self-Cooled by Condensate of a Split-Type
Air Conditioning,” IJHT, vol. 40, no. 3, pp. 737-742, Jun. 2022, doi: 10.18280/ijht.400311.

[27] S. B. Riffat and G. Q. Qiu, “Design and characterization of a cylindrical, water-cooled heat sink for
thermoelectric air-conditioners,” Int. J. Energy Res., vol. 30, no. 2, pp. 67-80, Feb. 2006, doi:
10.1002/er.1124.

Journal of Engineering Design and Technology 38



LOGIC p-ISSN : 1412-114X

Journal of Engineering Design and Technology e-ISSN. : 2580'564_'9_
Vol. 26 No. 1 March 2026 ; p. 39 - 47 http://ojs2.pnb.ac.id/index.php/LOGIC

EXPERIMENTAL AND CFD ANALYSIS OF A
LABORATORY-SCALE PARALLEL FLOW SHELL AND
TUBE HEAT EXCHANGER

1) Mechanical Engineering
Study Program, Faculty of
Engineering, Universitas

Alviani Hesthi Permata Ningtyas V", Siti Duratun Nasiqiati Rosady
9, IlTham Arifin Pahlawan ”, Rilo Chandra Muhamadin "

Muhammadiyah Gresik,
Indonesia

2) Department of Mechanical — 4pstract. A heat exchanger is a device that functions to change the temperature
Engineering, Politeknik of a fluid by utilizing the heat transfer mechanism from a high-temperature fluid

Negeri Malang, Indonesia  to a Jower-temperature fluid. This study was conducted to design and analyze
the performance of a shell and tube heat exchanger with a parallel flow
Correponding email 1" : conﬁgl.lrati.on on a laboratory scale. The design process focused on dgtermining
alvianihesthi@ume ac.id the main dimensions and components, such as tube length and the ratio between
shell and tube diameters, to ensure optimal operation for laboratory
experiments. After the device was successfully fabricated, experiments were
carried out to obtain temperature data of the hot and cold fluids at both the inlet
and outlet. These experimental data were then compared with the results of
numerical simulations using ANSYS Fluent software based on the
Computational Fluid Dynamics (CFD) method. The simulation was used to
visualize the flow pattern and temperature distribution within the heat
exchanger, as well as to calculate heat transfer efficiency. The results showed
good agreement between the simulation and experimental data, the deviation is
15%, where the inlet temperature of the hot fluid was 65°C and the outlet
temperature was 38°C, indicating the validity of the numerical model used.
From this study, it can be concluded that the combination of experimental
design and CFD simulation analysis provides a more comprehensive
understanding of the temperature distribution and efficiency of a shell and tube
heat exchanger with a parallel flow configuration.
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1. INTRODUCTION

Heat transfer is an essential element in various engineering processes, including in industries that utilize heating,
cooling, and power generation systems[1]-[6]. One of the key tools that supports this process is the heat
exchanger[7]-[13]The type of heat exchanger commonly used in industry is the shell and tube type, due to its
ability to handle various types of fluids and high operating pressures. Hot fluid flows through the tubes, while cold
fluid moves within the shell around the tubes. This system has several variations in fluid flow direction: parallel
flow, counterflow, and crossflow[14]-[17]. The parallel flow configuration is characterized by fluids flowing from
the inlet to the outlet side in parallel, both in the tubes and the shell. The main advantage of this design is its
simplicity, but its drawback is the rapid decrease in temperature difference between the two fluids, resulting in
relatively low heat transfer efficiency[17], [18]. A study by [11] discussed the design of shell and tube heat
exchangers. In this research, the shell tube has an outer diameter of 300 mm and an inner diameter of 293.65 mm
with a length of 1000 mm. The obtained heat transfer rate is 7117.5 watts. Based on TEMA standards and the
application of HTRI, the required surface area is 8.27 m?, while actual calculations show a surface area of 9.09 m?.
The research by [19]discusses a design with one shell pass and two tube passes. The tube length is 2.7 m with a
diameter of 13 mm, while the shell measures 1.35 m in length and 70 mm in diameter. The material for the tube is
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copper with a conductivity of 385 W/mK, whereas the shell is made of aluminum with a conductivity of 205
W/mK. The results of this study show a maximum efficiency of 35.4040%. The research conducted by [14]focused
more on the design of the heat exchanger dimensions. In that study, a tube length of 1.2 m, a shell length of 70 cm,
and a total of 6 tubes were obtained. In the mixed temperature tests, the measured values ranged from 50°C to
25°C. Testing using CFD Ansys is often applied to understand temperature distribution and efficiency in heat
exchangers [20]-[27]. The aim of this study is to design and evaluate the performance of a shell-and-tube type
heat exchanger with parallel flow on a laboratory scale. This research includes the design of dimensions and main
elements so that the device can operate optimally, experimental testing to obtain temperature data of hot and cold
fluids, as well as numerical analysis using ANSY'S Fluent based on CFD to visualize flow patterns and temperature
distribution[28], [29]. The simulation results are then compared with experimental data to verify the numerical
model and assess heat transfer efficiency, with the aim of obtaining a comprehensive understanding of the thermal
performance of the heat exchanger.

2. METHODS

This research was conducted through three main stages: design, fabrication, and experimental testing of a
laboratory-scale shell-and-tube heat exchanger with a parallel flow configuration. During the design stage, the
primary geometric parameters were determined, including tube length, shell diameter, number of tubes, and
material selection. These parameters were defined based on heat transfer considerations, structural integrity, and
ease of assembly. The complete configuration was modeled using three-dimensional CAD software to ensure
dimensional consistency and proper alignment of the parallel flow direction between shell- and tube-side fluids..

Figure 1. Heat Exchanger Design

Experimental testing was conducted using the dual-reservoir circulation system shown in Figure 1. The setup
consists of two elevated tanks serving as hot- and cold-water supply reservoirs and two lower tanks for fluid
collection and recirculation. Hot water was prepared in the upper reservoir using an electric heater prior to testing,
while cold water was supplied from a separate reservoir to maintain controlled inlet conditions. The fluids were
circulated through the shell-and-tube heat exchanger via a closed-loop piping system equipped with control valves,
and the volumetric flow rate was maintained at 800 L/h as monitored by a calibrated flowmeter. After passing
through the heat exchanger, both fluids were collected in the lower tanks and recirculated to ensure continuous
operation.

Table 1. Shell and Tube Specifications

Description Shell Tube
Diameter 22 mm 6,35 mm
Length 3400 mm 3400 mm
Material Pipe Acrylic Aluminum
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Temperature measurements at the hot and cold fluid inlets and outlets were obtained using calibrated K-type
thermocouples installed at the respective pipe sections. The thermocouple readings were recorded manually at 5-
minute intervals using a digital temperature display, while a stopwatch was used to ensure consistent time tracking
throughout the 45-minute experimental duration. This procedure ensured systematic data collection while
maintaining stable operating conditions for evaluating the thermal performance of the parallel-flow heat
exchanger.

Although the system is referred to as a shell-and-tube heat exchanger, the laboratory-scale configuration
used in this study consists of a single small copper tube in the inner section through which hot water flows, while
cold water flows directly in contact with the outer surface of the inner tube within the surrounding cylindrical outer
pipe. Geometrically, this arrangement more closely resembles a concentric (double-pipe) heat exchanger rather
than a conventional multi-tube shell-and-tube system equipped with baffles for flow distribution. In the present
study, no thermal insulation was applied to the outer surface of the external pipe, allowing heat transfer to occur
primarily through conduction across the copper tube wall and convection on both fluid sides, with potential natural
heat loss to the surrounding environment. The term “shell” is retained due to the presence of the external cylindrical
enclosure; however, only a single tube pass is employed without the complex flow distribution characteristics
typical of industrial shell-and-tube exchangers. This clarification is important to avoid ambiguity in interpreting
flow distribution behavior, effective heat transfer area, and performance comparisons with industrial-scale shell-
and-tube heat exchangers.

Both working fluids were modeled as incompressible water under steady-state and single-phase
conditions. Thermophysical properties were assumed constant and evaluated at the respective mean bulk
temperatures (p = 997 kg/m?, Cp = 4182 J/kg'K, k =0.6 W/m'K, p=0.001 Pa-s). The realizable k—¢ turbulence
model with enhanced wall treatment was employed to accurately resolve near-wall thermal gradients. The
computational mesh was refined in the boundary-layer region to maintain y* values below 5, ensuring appropriate
resolution of the viscous sublayer and improved prediction of convective heat transfer coefficients. A conjugate
heat transfer (CHT) approach was implemented by explicitly modeling the aluminum tube wall as a solid domain,
allowing conductive heat transfer between the hot and cold fluid regions to be simultaneously solved with the
governing energy equations. This approach improves thermodynamic consistency and provides a more realistic
representation of the coupled convection—conduction mechanism within the heat exchanger.

/ W

<\/ ?é;w

Figure 2. Meshing in ANSYS

Figure 2 shows the meshing results in ANSYS with inlet and outlet conditions, along with a total of 3,754,832
faces and 928,676 nodes. Figure 3 illustrates the schematic flow of fluid in the heat exchanger system with a
parallel flow configuration. The cold fluid and hot fluid flow in opposite directions through two different paths,
each marked by blue and red colors respectively. The cold fluid enters from the top left and exits at the bottom
right, while the hot fluid also enters from the top left but exits at the bottom right through a different path. This
schematic is equipped with temperature measurement points numbered 1 to 17, depicting the locations of
temperature monitoring along the flow. This design allows for a more efficient heat transfer process through a
consistent temperature difference between the two fluids. The realizable k—¢ turbulence model with enhanced wall
treatment was applied. Velocity inlet boundary conditions were specified according to the experimental flow rate
(800 L/h) and measured inlet temperatures, while pressure outlet conditions were imposed at both exits.
Convergence criteria were set to 107° for the energy equation and 10™* for continuity and momentum equations.
Mesh quality Ansys Metric in this simulation is 0.9 that means acceptable. The thermal performance of the heat
exchanger was evaluated using the effectiveness—NTU method and the Log Mean Temperature Difference
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(LMTD) approach[2]. The actual heat transfer rate was calculated from the energy balance:
Q= mhcp,h(Th,in - Th,out) (1)
Q= mccp,c(Tc,out - Tc,in) )

where 77; is the mass flow rate (kg/s), ¢ » is the specific heat capacity (J/kg-K), and T represents fluid temperatures
(°Cor K).
The heat exchanger effectiveness (¢) is defined as:

& = Qactual 3)
Qmax
where
Qmax = Cmin (Th,in - Tc,in) )
and
C =mc, (5)
Crnin = min (G, C,) (6)

The number of transfer units (NTU) is calculated as:
NTU =24 @)

Cmin

where [J is the overall heat transfer coefficient (W/m?-K) and Ais the total heat transfer area (m?).
For a parallel-flow heat exchanger, the analytical effectiveness relation is:

£ = 1-exp [-NTU(1+Cp)] (8)
1+Cr
with
C, = Smin )
Cmax

The overall heat transfer coefficient ywas determined using the LMTD [1]method:
Q = UAAT,, (10)

where the log mean temperature difference for parallel flow is:

AT - (Th in=Tcin)=(Thout=Tc out) (1 1)
tm ln( Thin=Tcin )
Thout=Tcout

These formulations provide a rigorous thermodynamic basis for evaluating the experimental results and validating
the CFD predictions of the parallel-flow shell-and-tube heat exchanger.

Figure 3. Fluid flow rate scheme

Figure 3 illustrates the schematic configuration of the parallel-flow heat exchanger. Both hot and cold fluids enter
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from the same axial direction and flow parallel along separate channels. Temperature measurement points (1-17)
indicate monitoring locations used for experimental validation and numerical comparison. The red inner passage
represents the hot fluid, while the surrounding blue domain corresponds to the cold fluid, separated by a solid wall
that facilitates heat transfer primarily through conduction across the wall and convection within each fluid stream.

3. RESULTS AND DISCUSSION
The test results of the shell and tube type heat exchanger with a parallel flow configuration that has been completed,
as shown in Figure 4. The testing was carried out to observe how well this device transfers heat by monitoring the
temperature changes of the hot and cold fluids at the inlet and outlet at certain time intervals. The data in Table 2
show a significant temperature change in both fluids, indicating that the heat transfer process occurred as expected
during the tests. These temperature changes were then analyzed to determine the effectiveness of the device, the
thermal behavior of the system during operation, and serve as a basis for comparison with theoretical calculations
and CFD simulation results in the following section.

Figure 4. Fabrication of heat exchanger

Figure 4 shows the heat exchanger that has been fabricated. The fabrication was carried out according to the design
that had been calculated.

Table 2. Test result data

Temperature (°C)

Time (m) Cold Hot
Inlet Outlet Inlet Outlet

5 19.3 26.3 54.8 45.7
10 20.2 25.9 59.7 44.6
15 19.6 254 59.6 43.2
20 22.3 27.6 65.6 42.2
25 21.1 26.1 69.3 38.4
30 20.1 26.9 54.7 38.3
35 22.8 27.4 55.6 37.6
40 23.6 26.5 62.4 36.7
45 20.8 26.3 67.3 45.7

Table 2 shows how the temperatures of cold water and hot water changed during testing from the 5th minute to
the 45th minute. The cold water, which initially ranged from 19-23°C, appeared to rise to around 25-27°C as it
exited the device, indicating that the cold water successfully absorbed heat. Meanwhile, the hot water entering at
54-69°C dropped to 37-46°C upon exit, showing that the heat transferred to the cold water. Although there were
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slight fluctuations in some data points, the overall pattern remained clear: the cold water became warmer, the hot
water became cooler, indicating that the heat exchanger worked effectively.

Table 3. Calculated Thermal Performance Parameters

Parameter Symbol Equation Value Unit
Heat Capacity Rate C =mc, 0.222 x 4180 92796 W/K
Actual Heat Transfer Rate Quctual mcp (T our — Teim) 5,010 W
Maximum Heat Transfer Rate Qumax Conin(Thin — Tein) 37,000 W
Effectiveness € Qactu(;l /Qma; 0.135 -
Temperature Difference 1 AT, Thin — Tein 39.89 °C
Temperature Difference 2 AT, Thout — Teout 14.88 °C
Log Mean Temperature Difference AT, LMTD formula 25.34 °C
Overall Heat Transfer Coefficient U Q/(AAT,,) 2916 W/m2K
Number of Transfer Units NTU UA/Cpin 0.21 -
Capacity Ratio C, Cmin/ Comax 1.0 —

Table 3 summarizes the calculated thermal performance parameters of the parallel-flow shell-and-tube heat
exchanger under laboratory-scale operation. The heat capacity rate was determined as 927.96 W/K, resulting in an
actual heat transfer rate of 5,010 W compared to a theoretical maximum of 37,000 W, yielding an effectiveness of
0.135. The measured terminal temperature differences (AT: = 39.89°C and AT: = 14.88°C) produced an LMTD
of 25.34°C. Based on these values, the overall heat transfer coefficient was calculated as 2,916 W/m?K, with an
NTU of 0.21 and a capacity ratio (C;) of 1.0. A comparison with CFD simulation results can be seen in Figure 5
below.
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Figure 5. Temperature distribution in ANSYS software

Figure 5 shows the simulation results of the temperature distribution in a shell and tube type heat exchanger with
a parallel flow configuration using ANSYS Fluent software. The color contours illustrate the decrease in
temperature of the hot fluid from around 60°C at the inlet side (red color) to about 19.3°C at the outlet side (blue
color). The uniform color gradient pattern indicates that an effective heat transfer process occurs along the fluid
flow path. Experimental test results show that the heat transfer process in the shell and tube type heat exchanger
with a parallel flow configuration is effective, as indicated by significant temperature changes in both the hot and
cold fluids at each observation interval. The inlet temperature of the hot fluid ranges from 54.8°C to 69.3°C, while
its outlet decreases to the range of 36.7-45.7°C. Meanwhile, the temperature of the cold fluid increased from 19.3C
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to about 27.6°C by the end of the test. The average temperature difference between the hot and cold fluids indicates
that the conduction mechanism through the tube wall and convection on both sides of the fluid are working
simultaneously and efficiently. Numerical simulations using ANSYS Fluent show a stable flow pattern and
temperature distribution consistent with experimental results. The model, using the standard k-epsilon turbulence
and second-order upwind discretization, is capable of accurately representing heat transfer phenomena. Simulation
results indicate a temperature difference of 38°C at the hot fluid outlet and 26°C at the cold fluid outlet, with only
about a 15.7% deviation from experimental results. The temperature contour from the simulation shows a linearly
decreasing temperature gradient along the flow direction, indicating that the heat transfer rate is dominated by
forced convection mechanisms.

The temperature contour presented in Figure 5 indicates localized regions where the hot-fluid temperature
approaches the lower temperature range. It is important to emphasize that these values correspond to local minima
within the computational domain rather than the mass-averaged outlet temperature. The bulk outlet temperature
predicted numerically was approximately 38°C, which is in close agreement with experimental measurements and
remains thermodynamically consistent with parallel-flow heat exchanger theory. Since no external heat loss was
imposed in the numerical model, the reduction in hot-fluid temperature corresponds directly to the heat absorbed
by the cold fluid, satisfying overall energy conservation. Furthermore, considering the relatively low NTU value
(0.21) and effectiveness (0.135), the moderate outlet temperature difference observed is physically reasonable and
aligns with established heat exchanger performance relations for parallel-flow configurations.

4. CONCLUSION

This study successfully designed and evaluated a laboratory-scale shell-and-tube heat exchanger with a parallel-
flow configuration using experimental testing and CFD simulation in ANSY'S Fluent. The results showed that the
hot-fluid temperature decreased from approximately 65°C to around 38—41°C, while the cold-fluid temperature
increased to about 26-27°C, confirming effective heat exchange. Thermal analysis yielded an average heat transfer
rate of 5.01 kW, effectiveness (g) of 13.5%, overall heat transfer coefficient (U) 0£2916 W/m?K, and NTU of 0.21,
indicating moderate thermal performance under the tested conditions. The deviation between experimental and
numerical results was approximately 15.7%, demonstrating good model validation. For future research, it is
recommended to vary the mass flow rate and compare other flow configurations, such as counter flow and cross
flow, to obtain a broader range of heat transfer characteristics. Additionally, the use of tube materials with different
thermal conductivities and variations in the number of baffles can be analyzed to optimize system efficiency.
Further validation can be conducted by expanding the simulation domain and using more complex turbulence
models, such as Realizable k-¢ or k-« SST, so that the simulation results more closely approximate real conditions.
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Abstract. Pico Hydro Power Plants are small-scale hydropower systems with
capacities below 5 kWs that have significant potential as renewable energy
Corresponding email D" : sources, particularly in remote areas. However, their implementation is often
Frans.likadja@staf.undana.a  constrained by fluctuations in water discharge during the dry season, which lead
c.id to a decline in system performance. This study aims to design and
T experimentally evaluate a prototype battery charging system utilizing a
repeated water cycle in a Pico Hydro Power Plants to enhance energy supply
sustainability. The experimental method was employed by developing a system
consisting of a water pump, Pelton turbine, DC generator, smart valve, solar
charge controller (SCC), time relay, solar panels, and batteries as energy
storage. Experimental testing was conducted by analyzing generator output
under various water head and discharge conditions and comparing it with the
pumped water discharge within a closed-loop cycle. The results indicate that at
a head of 3.9 m, the generator produced an output of 1.7 V and 2.4 A, resulting
in a battery charging time of 22.7 hours, whereas at a higher head of 5.42 m,
the charging time was reduced to 11.01 hours. In addition, the solar panel
system was able to supply the initial load during the system startup process
before the pico hydro system is fully operated. Although the proposed system
still exhibits limitations in charging time efficiency, the prototype demonstrates
good conceptual and functional system integration, indicating strong potential
for further development through design optimization to improve overall system
efficiency and performance.

Keywords : Picohydro Power Plant, Water Pump, Smart Valve, Solar Panels, Pelton Turbine, DC Generator,
Relay Time, Battery

1. INTRODUCTION

The increasing demand for sustainable energy and the growing awareness of environmental degradation have
accelerated the global transition from fossil-based energy sources to renewable energy technologies [1], [2].
Conventional fossil fuels are associated with significant environmental impacts, including air pollution,
greenhouse gas emissions, and long-term ecological degradation [3]. Consequently, renewable energy systems are
increasingly promoted as environmentally friendly alternatives capable of supporting sustainable development.

Despite their advantages, renewable energy sources usually had challenges related to intermittency and
resource availability [4]. Solar photovoltaic systems experience power fluctuations due to weather conditions and
diurnal cycles [5], geothermal power plants are constrained by high capital costs, regulatory limitations, and
location-specific requirements [6], while conventional hydropower systems are often suffer from reduced water
discharge during dry seasons. These limitations are inhibitting the continuity and reliability of renewable energy
supply, particularly in remote or off-grid areas.

Pico-hydropower plants represent a promising solution for decentralized electricity generation due to
their simple construction, low environmental impact, and suitability for small-scale applications [7], [8]. However,
the performance of pico-hydropower systems is highly dependent on continuous water availability. During periods
of low discharge, such as the dry season, power generation capability decreases significantly, limiting their
effectiveness as a reliable energy source [9]. Previous studies on pico-hydropower systems have predominantly
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focused on turbine design optimization [10], [11], electrical performance enhancement [12], [13], or hybridization
with other renewable sources while relatively,only a little attention has been given to addressing water availability
constraints through integrated system-level approaches.

To address this research gap, this study proposes a prototype pico-hydropower system employing a
repeated water cycle combined with battery energy storage and time-based control. The proposed system utilizes
two reservoirs with different elevations, an automatic valve, and a water pump to circulate water continuously in
a closed-loop configuration. A time-based control strategy is implemented to regulate the alternating operation of
the pump and turbine, ensuring that energy consumption and energy generation do not occur simultaneously. This
approach aims to enhance operational continuity and improve energy sustainability, particularly during periods of
limited natural water discharge.

Therefore, the objective of this study is to design and experimentally evaluate the performance of a battery
charging system for a pico-hydropower plant using a repeated water cycle. The evaluation focuses on system
feasibility, operational continuity, and electrical performance under varyated head and water discharge conditions.

2. METHODS

This study was conducted by designing and experimentally testing a pico-hydropower plant prototype based on a
repeated water cycle system. The system was designed to utilize water energy in a circulatory manner, in which
the generator output was used to supply electrical loads during nighttime operation while simultaneously
recharging the battery as an energy storage. Experimental testing was carried out to evaluate system performance
under specific head and water discharge conditions.

The system consisted of a solar panel, solar charge controller (SCC), battery, water pump, Pelton turbine,
DC generator, automatic valve (smart valve), CN101A digital time relay, double time delay relay (TDR) modules,
a buck—boost DC converter, and a diode for unidirectional current protection. The DC generator used in this study
had a nominal power rating of 250 watt with an operating voltage of 12 Volt DC, selected according to the
characteristics of small-scale pico-hydropower systems and the experimental conditions. The Pelton turbine
converted the kinetic energy of the water flow into mechanical energy, which was subsequently converted into
direct current (DC) electrical energy by the DC generator. Water flow regulation toward the turbine was controlled
using a 12 V DC solenoid valve (smart valve). Energy storage was provided by a 12 V battery with a capacity of
6,5 Ah, while the generator output voltage was regulated using a buck—boost converter before being supplied to
the SCC and the load.

The system operated automatically based on time-based control, with the CN101A digital time relay
serving as the main control unit. During the initial stage, the solar panel charged the battery through the SCC until
a fully charged condition was reached. When the time reached 18:00, the CN101A relay activated the pico-
hydropower system and shifted the energy source from the solar panel to the battery to support nighttime operation.

To prevent a simultaneous operation between the pump and the turbine and to improve system efficiency,
a time-based control strategy employing two independent time delay relay (TDR) modules was implemented. The
first TDR controlled the operation of the water pump, while the second TDR controlled the opening and closing
of the automatic valve. During the filling phase, the water pump was activated for 1 minute and 54 seconds to
transfer water from the lower reservoir to the upper reservoir, while the automatic valve remained closed to prevent
water flow toward the turbine. Conversely, during the discharge phase, the automatic valve was opened for 22
seconds to allow water to flow from the upper reservoir to the Pelton turbine, while the water pump was
deactivated. This operating scheme ensured that energy consumption by the pump did not occur simultaneously
with the energy generation process of the turbine.

The mechanical energy produced by the Pelton turbine is being converted into DC electrical energy by
the generator and utilized to supply the load while simultaneously recharging the battery. A diode was installed to
ensure unidirectional current flow and to prevent reverse current from flowing back to the generator. After passing
through the turbine, the water was collected in a secondary reservoir and subsequently pumped back to the primary
reservoir using a 12 V DC water pump, enabling continuous operation in a closed-loop water cycle until 05:00. At
this time, the CN101A relay deactivated the pico-hydropower system, and the system returned to battery charging
mode using the solar panel.

The control system applied in this study was classified as an open-loop control system, as it did not utilize
feedback sensors such as water level or flow rate sensors. The time-based control approach was selected to simplify
the prototype design and to focus the study on evaluating the feasibility and performance of the pico-hydropower
system that uses a repeated water cycle concept. Overall system of this pico-hydro power plant can be seen in
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Figure 1 below.
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Figure 1. Building model of a picohydro power plant with repeated water cycle

3. RESULTS AND DISCUSSION
3.1 Solar Panel Input and Output Analysis

The output power testing of the 30 WP x 2 solar panel was done on May 8, 2025 with the following results:

Table 1. Solar Panels Output

Time Voltage Current Power Su'nlight Temperature
V) (A) (Watt) Intensity (LUX) °C)
08:30AM 21,07 0,795 16,75065 65280 27°C
09:00AM 20,88 1,037 21,65256 99690 29°C
09:30AM 20,42 0,297 6,06474 15920 31°C
10:00AM 20,58 2,159 44,43222 175700 31°C
10:30AM 20,69 1,571 32,50399 173100 31°C
11:00AM 20,19 2,671 53,9749 177000 30°C
11:30AM 20,27 2,568 52,05336 182500 30°C
12:00AM 19,67 1,829 35,97643 125600 30°C
12:30AM 19,48 0,43 8,3764 21370 32°C
13:00AM 20,53 1,739 35,70167 170800 32°C
13:30AM 20,83 1,94 40,4102 173800 33°C
14:00AM 19,47 2,093 40,75071 145900 33°C
14:30AM 19,45 1,108 21,5506 92040 32°C
15:00AM 19,61 0,916 17,96276 85230 33°C
15:30AM 19,87 0,758 15,06146 128400 32°C
16:00AM 19,72 0,429 8,45988 81000 32°C
16:30AM 17,12 0,038 0,65056 2823 32°C
Average 19,99 1,316 27,605 112714,88 31,17°C
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The measurements were conducted using a photovoltaic panel installed at a fixed tilt angle of 10° and
oriented toward the north. The measurement results presented in Table 1 indicate significant power fluctuations
within relatively short time intervals. For instance, at 09:00, the output power was recorded at 21.65 W, then
dropped sharply to 6.06 W at 09:30, before increasing rapidly to 44.43 W at 10:00. A similar fluctuation pattern
was also observed at 12:30, followed by a significant increase at 13:00. This behavior reflects the intermittent
nature of photovoltaic power generation under real field operating conditions.

These power fluctuations were not caused by load variations, but were primarily attributed to the
variability of solar radiation received by the photovoltaic module. During the morning to late morning period,
rapidly moving cloud cover (passing clouds) caused sudden decreases and increases in the solar radiation incident
on the panel. This phenomenon is reflected in the measured light intensity data, which also exhibit significant
variations over the same period intervals.

It should be noted that the output current of the photovoltaic panel is highly sensitive to changes in solar
radiation, whereas the output voltage remains relatively stable. This trend is evident in the measurement data,
where extreme power fluctuations are mostly caused variations in current rather than voltage. This observation
matched with the theoretical characteristics of photovoltaic modules, in which the output power is directly related
to the photocurrent generated by solar radiation.

The observed power fluctuations shows one of the primary challenges of photovoltaic systems, which is
their intermittent and unstable nature, which emphasized the need for mitigation strategies to enhance system
reliability in practical applications. The data related to the solar panel output can be seen in the graph below:
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Figure 2. Solar Panels Output Graph

3.2. Energy Testing of Falling Water
3.2.1. Water discharge
Water discharge is the volume of water that passes through a cross-sectional area in one unit of time [14]. In this
test, the volume of the water reservoir at the top is equal to the volume of water below. The reservoir used is in the
shape of a tube with a radius of 15 cm and a height of 7.5 cm. Based on the existing data, the volume of the
reservoir is calculated as follows:

V Tube = m.r?%t (1)

Then Tube volume = 3.14 x 152 x 37.5=0.02649 m°.

The period required to empty the reservoir in a full state with a height of 3.9 meters is 22 seconds. After
calculating the volume and period required for emptying the reservoir, the flow rate can be calculated using the
following equation

Q=7;0rQ=Av @
water flow rate(Q) = 0.02649/22= 0.0012 m?/s.
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3.2.2. Water Flow Speed

The speed of the water flow out of the water reservoir depends on the area of the sluice gate used. The sluice gate
used in this test is circular in shape with a diameter of 20 mm. The equation for calculating the sectional area of
the circle is as follows

A =nmr? 3)

Then the area of the sluice gate is:
A=3.14x10x 10=0.000314 m>.
After determining the area of the sluice, the flow speed can be calculated based on the following equation:

v=2 4)

the value of the water flow speed is:

0.0012/0.000314=3.8216m/s

The flow speed on a nozzle with a diameter of 15mm can be calculated using the principle of continuity:
viA; = V,A, (5)

V2 =10.001199/0.000176 = 6.812m/s

3.2.3. Water Power Analysis
The power generated by the flowing water can be calculated using the following equation:

P=pgQH (6)
P=1000x 9,8 x 0,0012 x 3,9 = 45,864 Watt

3.3. Turbine and Generator Analysis

3.3.1. Generator Analysis

This test is an experiment on a DC generator to see the output. In this test, a torque turbine transmission system
was used using belts and pully. Before conducting the test, an analysis was carried out to see the amount of power
that can be generated by the generator using equation 2.4 with the following analysis results:

P=p.gQHngnt (7
P=1000x9,8x0,0012x 3,9x0,85x0,78 =0,0304 kWatt

The output of the generator this time is 1.7 Volts and also 2.4 A. The output power itself can be calculated
as follows

P=V.I=1,7x2,4=4,08 Watt.

n =22 % 100% (8)

Pin

’

45,86

Based on the calculation results, the overall system efficiency is relatively low, reaching only 8.9%. This
value indicates that several aspects of the system are contributing to the poor energy conversion performance.
These aspects include the generator characteristics, the mechanical energy transmission system between the turbine
and the generator, and the turbine performance itself.

The low generator output voltage of 1.7 V indicates that the generator is not operating at its optimal
rotational speed. In a pico hydro power generation system, the generator performance is strongly influenced by
rotational speed (RPM). In principle, the magnitude of the electromotive force (EMF) generated is proportional to
the rotor speed. If the RPM is low, the generated voltage will also be low. This condition suggests a possible
mismatch between the generator specifications and the relatively low head condition of 3.9 meters. The generator
used likely requires a higher rotational speed to reach its nominal voltage.

Furthermore, the mechanical transmission system using a belt and pulley plays an important role in
determining the final rotational speed delivered to the generator. If the pulley ratio is not designed to significantly
increase the RPM, the turbine rotation will not be sufficient to meet the generator’s speed requirements. An
inadequate transmission ratio can cause the generator to operate far below its maximum efficiency point, resulting
in low electrical power output.

Under a head condition of 3.9 meters, the system falls into the low-to-medium head category. Therefore,
the selection of turbine type becomes a critical factor. Pelton turbines are generally more effective for higher head

n= x 100% = 8,9%
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applications, whereas for low-head conditions, crossflow or propeller turbines tend to be more suitable because
they can utilize relatively low pressure and discharge more efficiently. If the selected turbine type is not well
matched to the available head and discharge characteristics, the conversion of water potential energy into
mechanical shaft energy will not occur optimally.

Thus, the low overall efficiency is not caused by a single factor, but rather by the cumulative energy
losses occurring in the turbine, mechanical transmission system, and generator. Optimization of these three
components has significant potential to improve the overall system performance

For comparison, tests were carried out using different discharges and heights to see the output voltage
and current coming out of the generator. The test results are shown in the table 2:

Table 2. Table of Generator Output At Different Heights and Discharges

Height Water Discharge Voltage Current
39m 0,0008 0,626 V 0,776 A
39m 0,0012 1,7V 24 A
54m 0,0012 25V 2,973 A

3.3.2. Turbine Analysis

A o\
| ASEN
Figure 3. Turbine & Generator DC

In this study, a pelton turbine with 10 spoons was used like figure 3. The transmission system used is 3.5
inches on the turbine and 2 inches on the generator. Here's the Turbine Analysis:

A. Turbine Power
Pt=p.g.Q.H.nt ©))
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Pt=1000x 9,8 x 0,0012 x 3,9 x 0,85 = 0,03898kWatt

B. Speed Type of Turbine
(10)

ng=n.

IS |"U
ENG NG

n=458,3 rpm
P=VxI=1,7x2,4=4,08 Watt = 0,00408 kW
VP =+/0,00408 = 0,0639
N, = 4583 x00639 _ 5 3,
5,49

Based on the calculation results, the specific speed (Ns) obtained is 5.3. This value is considered very
low when compared to the general classification of water turbines. Theoretically, turbines with low specific speed
values fall into the impulse turbine category, which are typically designed for high-head and low-discharge
conditions. Therefore, the obtained Ns value indicates that the operating characteristics of the system tend to
resemble those of a high-head impulse turbine.

However, the actual system condition only provides a head of 3.9 meters, which falls into the low-to-
medium head category. This mismatch is an important indication that the turbine is not operating under optimal
design conditions. Physically, the very low Ns value results from the combination of low output power (4.08 W)
and relatively low rotational speed (458.3 rpm) compared to the available head. In fact, with a theoretical water
power potential of approximately 45.9 W, the system should be capable of producing higher mechanical power
and rotational speed if the energy conversion process were operating efficiently.

The low Ns value indicates that the water energy is not being fully converted into mechanical shaft power.
This condition may be caused by several factors, such as a turbine design that is not well suited for low-head
conditions, incomplete energy absorption by the turbine blades, or generator loading that restricts the increase in
rotational speed. As a result, the mechanical power transmitted to the generator reduced, leading to low voltage
and electrical power output.

Thus, the specific speed value of 5.3 does not merely classify the turbine characteristics, but also serves
as an indicator that the system is operating far from its optimal operating point. The mismatch between turbine
characteristics, available head conditions, and the loading system contributes significantly to the overall low
system efficiency of 8.9%.

The test results with different discharges and altitudes for comparison in looking at turbine power and
also the type speed of the test conducted are shown in table 3:

Table 3. Turbine Power Comparison Table And Type Speed At Different Discharge And Height

Height (m) Water Discharge Power (kW)  Speed Type Of Turbine
3,9 0,0008 0,000486 kW 1,54
3.9 0,0012 0,00408 kW 5,34
5,4 0,0012 0,00743 7,5

3.4. Cross-Section Pipe Analysis

The type of pipe used in this study is a 1/2 dim pve pipe with a diameter of 18mm. 2 cross-sectional pipes are used,
which are a cross-section of water falling towards the turbine and the pipe connected to the pump. Here are some
analyses based on the cross-sectional pipe used

3.4.1. Reynold Number

If it is known that the diameter of the reservoir pipe used is 20mm = 0.02m and the kinematic viscosity value of
water in a temperature of 30° = 0.804 x 10-6, as well as the water flow velocity that has been calculated
beforehand, then by using the equation of 2.25, the value of the Reynolds number can bee calculated as follows
[15]:

Re=22 (1n

Y

Re =3,8216 x 0,02 / 0,804x10-6 = 9506,46
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3.4.2. Mayor Losses
Major losses or losses of water friction with pipe walls need to be taken into account to see how much energy is
lost [16]. To determine the magnitude of the loss due to friction or head major, we can used the following analysis:

_ w2 12
HL(Mayor) - fm ( )
0,06 001"
0.005. *.
0.002 . ™\
0.04] 0.001. "
M= 0.0005
g 0.0002
8 0,03 T LI |
b _
0
-
kS
% 0.012]
0.011 | £/D = 0.000068™_
0.012
103 103 30  10° 104 30* 104 304 34:10° 10°

Reynolds number, Re

Figure 4. F value at the Moddy Chart cut-off point

Based on the image 4, the cut-off point representing the value of fis 0.0314. The value of Major losses is:
3,9 x3,8216 2

H, =0,0314x =2 —456m
0,02x2x98

3.4.2. Minor Losses

Minor losses are head losses caused by pipe turning, pipe shrinkage and the presence of nozzles. With turns,
reductions and nozzles, it will affect the water power used [17]. To find out the magnitude of minor losses, we can
used the following analysis:

2
HL(Minor) =K Z_g (13)
A. Minor Losses due to 45° turns
With the value of the minor losses coefficient 45° elbow= 0,4. The value of HiMinon=
HL=0,4 x (1,512/2 x 9,8) = 0,0465 m
B. Minor Losses Pipe to Tank
With the value of the minor losses coefficient Pipe to Tank= 1. The value of Hyminon=
HL=1x(1,512/2x9,8)=0,1163 m
C. Minor Losses Tank to Pipe
With the value of the minor losses coefficient Tank to Pipe= 0,5. The value of HL(Minor)=
HL=10,5x (1,512/2 x 9,8) =0,0581m

3.5. Cycle of Ups and Downs of Water
To maintain the sustainability cycle of the water cycle continuously, it is necessary to pay attention to several
things, including:

3.5.1. Pump Capacity and Pressure
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In order to maintain the water sustainability cycle, the water discharge pumped from the bottom to the top is
sufficient to compensate for the falling water discharge. Also, the pump pressure must also be considered

3.5.2. Loss of Pressure

The pressure loss is related to major and minor losses that will be analyzed later. Friction of the water flow with
the pipe, the turn of the pipe or the overshok for a change in size can increase the possibility of pressure loss.
One thing that should not be forgotten is the size of the pipe, which would be better balanced to match the water
discharge fluctuations.

3.5.3. Control System

Integrated automatic control in regulating the pump, as well as the sluice gate is needed to maintain the stability
of the water discharge in the cycle. Figure 5 illustrates the condition when the pico-hydropower system begins its
operation. At this stage, the energy stored in the battery is used to supply the entire control circuit and system
loads. The system operation is regulated by the CN101A digital time relay, which works as the main timer
controller. When the time reaches 18:00, the CN101A relay automatically activates the pico-hydropower system
and ensures that the energy source is switched to the battery to support nighttime operation.

To prevent simultaneous operation of the pump and the turbine and to improve overall system efficiency,
a time-based control strategy was implemented using two independent Time Delay Relay (TDR) modules. The
first TDR module controls the operation of the water pump, while the second TDR module regulates the opening
and closing of the automatic valve (solenoid valve).

The system operates in two primary phases: the filling phase and the discharge phase. During the filling
phase, the water pump is activated for 1 minute and 54 seconds to transfer water from the lower reservoir to the
upper reservoir. During this period, the automatic valve remains closed to prevent water from flowing toward the
turbine. Consequently, electrical energy is consumed solely for the pumping process, and no power generation
occurs.

Conversely, during the discharge phase, the pump is deactivated and the automatic valve is opened for
22 seconds. Under this condition, water flows from the upper reservoir to the Pelton turbine, thereby generating
electrical energy. This operating scheme ensures that energy consumption by the pump does not occur
simultaneously with the turbine’s power generation process. The time-sequenced operation prevents load conflict
and enhances the overall efficiency and operational stability of the system. The Charging process with generator
can be seen in the figure 6.

Figure 5. Control System In Load Manuvering
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Figure 6. Charging with generator

3.6. Battery Charging Time Analysis

First, the battery discharge process is carried out to see the battery's ability to discharge the load. It is discharged
for 6 hours using the load of the DC Pump without increasing the water with variable current between 0.313 A to
0.347 with the data in the table 4.

Table 4. Discharge Battery

Time Current (A) Voltage Battery (V)
08:15 0.313 12.58
09:00 0.33 12.48
09:45 0.347 12.36
10:30 0.32 12.22
11:15 0.34 12.1
12:00 0.325 11.98
12:45 0.313 11.9
13:30 0.33 11.84
14:15 0.347 11.8

After the battery discharge process is carried out to the battery voltage of 11.8V (SoC = £30%), testing
is carried out by carrying out the battery charge process.

3.6.1. Charging battery with solar panels
This process occurs during the day where the battery is charged first using a 2x30 WP solar panel. The charging
process is shown in the table 5:
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Table 5. Charging Baterry With Solar Panel

Voltage Baterry(V) Current(A) (W) Charging Time
11.67 2.55 29.7585 13:00
11.8 2.49 29.382 13:11
11.92 2.6 30.992 13:23
12.03 2.5 30.075 13:34
12.15 2.58 31.347 13:45
12.28 2.45 30.086 13:56
12.38 2.6 32.188 14:08
12.42 242 30.0564 14:13
12.5 2.45 30.625 14:23
12.64 14:42

Figure 7. Charging Battery

3.6.2. Load maneuvering

When the time shows 18.00, the battery load turns on when the CN101A time relay starts to activate so that the
load maneuver process from the solar panel to the water generator occurs. The maneuver begins with the pump
raising water from the lower reservoir to the top by using the energy from a fully charged battery, which when the
water rises to the upper reservoir the water will flow from the water reservoir through the smart valve to the cross-
sectional pipe and then fall into the pelton turbine. For the pump and smart valve are controlled using a time delay
relay (TDR).

3.6.3. Charging battery with Generator
2 tests were carried out at different heights to see the output of the generator to charge the battery with the following
results:

A. Generator output at height of 3.9 m
e Generator Voltage: 1,6 V-1,7V
e Maximum Voltage of Generator: 1,767 V
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e  Generator current: 2,25 A —2,42 A
e Peak Current: 2,427 A
Because the voltage is too low, a step up module is needed which is supported by the concept of
power retention to get a charging voltage of 13.8 volts. In the use achieve the charging voltage is as
follows:
P=VI (14)

P=1,7x2,4=4,08 Watt
After getting power, we can analyze how much current can be used for charging, with
the following analysis:
P = (V.Dn (15)
1=(4,08/13,8) x 0,97 = 0,286 A
After the large charging current is obtained, the charging time, by [18] can be analyzed as follows:

h:%l (16)

h=6,5/0,286 =22,727 H
B. Generator output at height of 5.4 m

e Generator Voltage: 2,5V -2,6 V

e Maximum Voltage of Generator: 2,635 V

e Generator current: 2,9 A — 3,01 A

e  Peak Current: 3,01 A

Because the voltage is too low, a step up module is needed which is supported by the concept of
power retention to get a charging voltage of 13.8 volts. In the use achieve the charging voltage is as
follows:

P=V.1

P=1,635x3,1=7,931 Watt

After getting power, we can analyze how much current can be used for charging, with the
following analysis:

P = (V.Dn

1=(7,931/13,8) x 0,97 = 0,59 A

After the large charging current is obtained, the charging time can be analyzed as follows:

Ah
h=—
h =6,5/0,59

h=11,01 H

4. CONCLUSION

This study successfully designed and implemented a time-based controlled pico-hydropower generation system
integrated with a solar panel and battery as an energy storage unit. The system operation was controlled using a
CNI1O01A digital time relay as the main timing controller, along with two Time Delay Relay (TDR) modules to
alternately regulate the operation of the water pump and the automatic valve.

The two-phase control strategy, consisting of a filling phase and a discharge phase, effectively prevented
simultaneous operation of the pump and the turbine, ensuring that energy consumption and power generation did
not occur at the same time. The system operated automatically according to the predefined time sequence,
demonstrating the successful implementation of time-sequencing-based energy management.

However, experimental results indicate that the overall system efficiency remains relatively low at 8.9%.
The specific speed (Ns) value of 5.3 suggests that the turbine’s operating characteristics tend to resemble those of
a high-head impulse turbine, while the actual system operates at a head of 3.9 meters, which falls within the low-
to-medium head category. The mismatch between turbine characteristics, mechanical transmission system, and
generator specifications is identified as the primary factor contributing to the low energy conversion performance.

Therefore, further optimization is required in terms of turbine selection, mechanical transmission ratio,
and generator characteristics to better match the available head and discharge conditions. Future development is
expected to improve system efficiency and enhance the feasibility of small-scale pico-hydropower systems with
automated control strategies.
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temperature and CO levels using a gas analyzer. The results show an inverse
relationship between combustion temperature and CO levels. Increasing the
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in a significant decrease in CO levels. This study demonstrates that controlling
combustion temperature is an important parameter in improving combustion
efficiency and reducing harmful gas emissions in small-scale incinerators..
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1. INTRODUCTION

Waste management is an increasingly complex environmental issue as the population and human activity increase.
Non-recyclable residual waste often presents a major challenge due to limited processing facilities, particularly in
rural areas or settlements with limited infrastructure. Open burning remains a widely used method for waste
reduction due to its practicality and affordability. However, this method has negative environmental impacts due
to the harmful gas emissions it produces. [1], [2], [3].

One of the main pollutant gases produced from incomplete combustion is carbon monoxide (CO). CO gas is
formed as a result of incomplete oxidation reactions due to limited combustion temperature, oxygen supply, and
uneven heat distribution. High CO concentrations can pose a health risk to the public due to its toxic nature and
ability to inhibit oxygen distribution in the human body. Therefore, controlling combustion parameters is a crucial
aspect in designing an environmentally friendly waste incineration system. [4], [5], [6].

An incinerator is a waste processing technology that works through a thermal combustion process to
significantly reduce waste volume. On a community scale, the use of simple incinerators made from lightweight
bricks offers considerable potential due to their low construction costs, ease of construction using local materials,
and superior heat retention compared to open combustion. Lightweight bricks have thermal insulation properties
that help stabilize temperatures in the combustion chamber, potentially increasing combustion efficiency and
reducing harmful gas emissions. [7], [8].
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Several previous studies have shown that increasing combustion temperature significantly impacts the quality
of the combustion products. Higher temperatures tend to result in a more complete oxidation process, thereby
reducing CO levels in combustion smoke. However, most research focuses on industrial-scale incinerators or
complex combustion systems, while studies on simple, lightweight brick incinerators at a community scale are
still relatively limited, particularly in real-world settings. [4], [9], [10]. [1], [11], [12].

In the Banjar Mukti area of Singapadu Village, Sukawati District, Gianyar, residual waste management is
still carried out in a simple manner, requiring appropriate technological solutions that are easy to implement and
still consider environmental aspects. Based on these conditions, this study was conducted to analyze the effect of
combustion temperature on carbon monoxide (CO) levels produced by a simple incinerator made from lightweight
bricks with a multi-stage combustion design.

This research is expected to provide a scientific contribution to the development of community-scale
incinerator technology and serve as a technical reference for efforts to reduce hazardous gas emissions by
controlling combustion temperatures. Furthermore, the research findings are expected to serve as a basis for
developing more efficient, safe, and environmentally friendly waste incineration systems at the community level.

This research contributes scientifically to the field of small-scale waste incineration technology by analyzing
the relationship between combustion temperature and carbon monoxide (CO) emission levels in a simple
lightweight brick incinerator. Scientifically, this study enriches the current limited understanding of community-
scale incinerator operational parameters, particularly in simple incinerator designs commonly used in rural areas.

The results are expected to demonstrate that controlling combustion temperature is a key factor in suppressing
the formation of CO gas, one of the harmful emissions resulting from incomplete combustion. Therefore, this
research can serve as a scientific reference in the development of more efficient, safe, and environmentally friendly
waste incineration systems.

The use of lightweight bricks in incinerator construction is essential due to their excellent thermal insulation
properties, which enable the system to maintain a more stable combustion temperature. This temperature stability
plays a significant role in achieving a more complete combustion process and has the potential to reduce the
formation of harmful gas emissions. In addition, lightweight bricks are relatively easy to obtain, cost-effective,
and can be applied locally by communities without requiring complex technology. These characteristics make
lightweight brick incinerators a practical and appropriate technological solution for community-scale
implementation, particularly in areas with limited access to advanced waste management systems.

From a practical perspective, this research is expected to provide direct benefits to the community by offering
simple technical guidance on operating incinerators to achieve more optimal combustion conditions and minimize
emissions. It also supports community-based waste management initiatives that are safer for the environment and
contributes to reducing the negative impacts of open burning practices that are still commonly carried out.
Furthermore, the findings of this study can serve as a scientific basis for village governments or environmental
managers in designing small-scale waste management systems that are more environmentally friendly.

Overall, this research not only contributes to the advancement of scientific knowledge in the field of waste
incineration technology but also demonstrates strong applicability in supporting sustainable environmental
management at the community level.

2. METHODS

2.1 Research Location

The research was conducted in Banjar Mukti, Singapadu Village, Sukawati District, Gianyar Regency, Bali. The
research location was chosen because it is a residential area that still uses conventional waste burning methods
(open burning), making it suitable for the implementation and testing of a community-scale incinerator. The
environmental conditions of the research location allow for direct observation of combustion performance with
variations in temperature and emissions..

2.2 Incinerator Design

The incinerator used in this study is a simple structure constructed from lightweight bricks with a three-level
vertical combustion configuration. This design aims to enhance heat distribution and improve combustion
efficiency by functionally separating the combustion zones within the system. The bottom section serves as an ash
collection chamber, which functions as both an accumulation area for combustion residues and an air inlet to
support the combustion process. The middle section operates as the primary combustion chamber for firewood,
which acts as the main heat source, while the top section is utilized as the waste incineration chamber with an
effective capacity of 0.384 m?.

The implementation of a multi-level design enables the formation of a natural draft system, allowing
airflow to circulate more effectively and resulting in a more stable and uniform combustion process. Lightweight
bricks were selected as the primary construction material due to their good thermal insulation properties, which
help retain heat within the combustion chamber, as well as their local availability and suitability for small-scale
applications [8], [12].
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Figure 1. Simple incinerator design made from lightweight bricks
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Figure 2. Existing image of a simple incinerator made from lightweight bricks and the combustion process as
well as measuring temperature and CO levels.

2.3 Materials and tools

The materials and equipment used in this study include firewood as the primary fuel for combustion and mixed
residual waste (organic and inorganic) with a mass of 10 kg for each combustion cycle. A gas analyzer was utilized
to measure carbon monoxide (CO) concentration, while a high-temperature thermometer was used to monitor the
combustion chamber temperature. A stopwatch was employed to control the data collection intervals. Prior to use,
all measuring instruments underwent a simple calibration process to ensure data consistency during the
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experiment.

Carbon monoxide (CO) concentration measurements were conducted using a portable gas analyzer based
on an electrochemical sensor. The device has a measurement range of 0-5000 ppm, with an accuracy of +5% of
the reading and a resolution of 1 ppm. Measurements were taken at the gas sampling point located in the incinerator
chimney to obtain representative combustion gas concentrations. The sampling point was positioned
approximately 30 cm horizontally from the chimney outlet and at a height of about 1.5 m above ground level. The
probe was aligned with the flue gas flow direction to minimize turbulence, and each measurement was carried out
for 3060 seconds until a stable reading was obtained. Data were recorded periodically throughout the combustion
process.

Each combustion cycle was performed using 10 kg of waste, with an average operating time ranging from
45 to 60 minutes depending on waste characteristics and flame stability. The combustion process consisted of three
stages: an initial ignition phase of approximately 10 minutes, a main combustion phase lasting 30—40 minutes, and
a final combustion and initial cooling phase of about 10 minutes. Temperature and CO concentration
measurements were primarily recorded during the main combustion phase, as this stage represents the most
intensive oxidation process.

The mixed waste used in this study had an average moisture content of approximately 20-30%,
determined through initial weighing and simple air-drying based on the physical condition of the material prior to
combustion. Moisture content is a critical parameter, as higher moisture levels can reduce combustion temperature
and increase CO emissions due to incomplete combustion..

2.4 Research Variables

This study employed combustion temperature as the independent variable and carbon monoxide (CO)
concentration as the dependent variable. Several parameters were controlled to ensure experimental consistency,
including waste mass (10 kg), fuel type (firewood), combustion chamber volume (0.384 m?®), and environmental
conditions during testing. These control variables were maintained constant to ensure that variations in CO
emissions were primarily influenced by changes in combustion temperature.

2.5 Testing Procedures
The experimental procedure was conducted systematically, beginning with cleaning the incinerator to remove any
residue from previous combustion cycles. Firewood was then placed in the middle combustion chamber and ignited
until a stable flame was achieved. Subsequently, residual waste was gradually introduced into the upper
combustion chamber to ensure even heat distribution. The combustion process was allowed to continue until the
system reached its operating temperature.

Temperature measurements were taken at a consistent observation point to maintain data reliability, while
CO concentration was measured at the chimney outlet using the gas analyzer. Data were recorded periodically
throughout the combustion process. To obtain representative results, the experiment was repeated 20 times under
similar conditions.

2.6 Data Collection Method

Data were collected through direct experimental observation, with temperature and CO concentration measured
simultaneously. Each measurement was taken after the combustion process reached relatively stable conditions to
avoid the influence of the initial ignition phase. Repeated testing was performed to improve data reliability and
reduce experimental errors caused by variations in fuel distribution and waste composition..

2.7 Data analysis

The collected data were analyzed quantitatively to examine the relationship between combustion temperature and
CO concentration. A descriptive and trend analysis approach was applied to identify patterns in emission changes
as temperature increased. The results were then presented in the form of tables and graphs to facilitate
interpretation and discussion.

3. RESULTS AND DISCUSSION
3.1 Experimental Test Results

Based on the characteristics of the lightweight brick incinerator, its waste capacity of 10 kg/cycle, and the
recorded combustion temperature range of 220—-608°C, firewood requirements can be estimated using a small-
scale combustion energy approach. The initial temperature (220-350°C) requires the greatest energy supply to
raise the combustion chamber temperature. Once the temperature exceeds approximately 400°C, the waste begins
to burn more steadily, reducing the need for additional fuel.
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The average firewood requirement is approximately 3—5 kg per combustion cycle. This value is considered
efficient for community-scale incinerators because the lightweight brick walls help retain heat, resulting in lower

fuel consumption compared to thin metal construction.

Test results show a decreasing trend in CO concentration as combustion temperature increases, indicating more
complete combustion. However, evaluating compliance with emission standards requires converting the data to
mg/Nm?® and standardized laboratory testing. The total cost of constructing a simple incinerator using lightweight

bricks is 7.5 million rupiah.

Table 1. Shows The Results Of Measurements Of Combustion Temperature And CO Levels During Testing.

No Combustion Temperature (°C) CO levels (ppm)
1 220 1315
2 242 1298
3 264 1280
4 281 1265
5 302 1247
6 322 1230
7 341 1218
8 365 1201
9 385 1188
10 402 924
11 422 915
12 443 903
13 464 892
14 488 880
15 501 872
16 525 864
17 547 858
18 563 851
19 586 845
20 608 840
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Figure 3. Graph of the Relationship between Combustion Temperature and CO Levels

3.2 Equality
The equation used in combustion analysis is as follows:
Heat energy from combustion:

Q=mxcx AT

)
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with:

Q = heat energy (J)

m = mass (kg)

c = specific heat (J/kg-K)

AT = temperature changes (K)

Estimated combustion efficiency:

N = o X 100% ©)

dengan:

n = combustion efficiency (%)

Tactual = temperature measurement results (°C)
Tmaks = maximum theoretical temperature (°C)

The test was conducted 20 times, with the main parameters being combustion temperature and carbon
monoxide (CO) levels. The measurement results show a variation in combustion temperature from 220°C to
600°C, with a tendency for CO concentration to decrease as the combustion temperature increases.

Table 1 shows that the highest CO values were recorded at low temperatures (220-280°C), while the lowest
CO values were obtained at high temperatures (500—-600°C). This pattern indicates that combustion performance
is significantly influenced by thermal conditions within the combustion chamber.

In general, the experimental results show a negative (inverse) relationship between combustion temperature
and CO levels, indicating increased oxidation efficiency at high temperatures.

3.2 Analysis of the Relationship between Combustion Temperature and CO Emissions
Carbon monoxide is a product of incomplete combustion that forms when the carbon oxidation reaction does not
proceed completely. At low temperatures, the activation energy of the chemical reaction is not optimally achieved,
so the combustion reaction only results in partial oxidation [4],[6] as represented in Equation (3). As the
temperature increases, the kinetic energy of the particles increases, resulting in a higher frequency of collisions
between molecules. This condition accelerates further oxidation reactions [9],[10] as shown in Equation (4). As a
result, the measured CO concentration decreased significantly. This phenomenon is clearly visible in the test data,
where increasing the temperature from 300°C to 500°C reduced the CO level by almost 60%. [4], [9], [7].

In addition, high temperatures increase the turbulence of the airflow within the combustion chamber,
resulting in a more homogeneous mixture of fuel and oxygen. This increased homogeneity of the mixture
contributes to more complete combustion.

¢ +50, 0 3)
O +30,~>CO: )

3.3 Analysis of Combustion Stages in an Incinerator

During the experimental process, combustion in the incinerator can be classified into three main phases based on
temperature characteristics and reaction behavior. In the initial stage, known as the drying phase (temperatures
below 250°C), the supplied heat energy is primarily used to evaporate the moisture content present in the waste.
At this stage, the oxidation process is still limited, which may lead to unstable combustion conditions and
incomplete reactions.

As the temperature increases to the range of 250—400°C, the process enters the pyrolysis phase, during
which organic materials begin to thermally decompose into volatile gases. These gases are not fully oxidized due
to insufficient temperature and mixing conditions, which can result in the formation of incomplete combustion
products.

At temperatures above 450°C, the system reaches the intense combustion phase, where volatile gases
undergo more complete oxidation. In this phase, combustion reactions become more stable and efficient, leading
to a significant reduction in incomplete combustion products. Therefore, this stage represents the optimum
operating condition of the incinerator, where thermal efficiency and emission performance are improved.

3.4 Effect of Multi-Stage Design on Combustion Stability
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The three-level configuration of the incinerator plays a significant role in enhancing the thermal stability of the
combustion process. The bottom ash chamber functions as both a residue collection area and an air inlet, enabling
a natural draft that ensures a continuous supply of oxygen to the combustion zones. The middle chamber, which
is used for firewood combustion, serves as the primary heat source and provides a stable and sustained temperature
during operation. The generated heat is then transferred upward to the waste combustion chamber through natural
convection, promoting more effective thermal utilization.

This structured distribution of combustion zones improves overall system performance by enhancing heat
retention in the upper chamber, reducing thermal energy losses, and ensuring a more uniform combustion process.
As a result, temperature fluctuations within the incinerator can be minimized, leading to more stable operating
conditions. These improvements contribute directly to the reduction of CO emissions observed during the
experimental testing.

3.5 Thermal Characteristics of Lightweight Bricks

Lightweight bricks have relatively low thermal conductivity, reducing heat loss to the surrounding environment.
This thermal insulation property plays a crucial role in maintaining a high combustion chamber temperature even
when the fuel supply is inconsistent. [13], [14], [15], [16], [17], [18].

Good heat retention allows thermal energy to be stored longer in the combustion chamber, allowing the
oxidation reaction to continue. This is one of the main reasons why CO levels decrease in the high-temperature
phase. [13], [19].

In addition, the use of lightweight bricks also increases operational safety because the outer surface temperature
of the incinerator is relatively lower compared to conventional materials.

3.6 Combustion Efficiency Analysis

Based on the data trends obtained, increasing combustion temperatures can be used as an indicator of increased
combustion efficiency. At high temperatures, most of the carbon content in the waste is oxidized to COx, resulting
in a decrease in the CO fraction. [9], [7], [10].

Conceptually, combustion efficiency can be associated with a system's ability to produce maximum heat with
minimal emissions. In this study, the temperature range of 500-600°C indicated the most efficient combustion
conditions because:

o Stable temperature

e More homogeneous flame

e Low CO emissions

e More complete combustion of residues

3.7 Practical Implications for Waste Management
The research results show that operating a simple incinerator can still produce relatively clean combustion if the
operating temperature is maintained within the optimal range. This is important for community-scale applications
because:

e Reduce the impact of air pollution

o Increase the efficiency of waste volume reduction

o Improve the safety of the surrounding environment

Thus, temperature control can be used as the main parameter in operating a lightweight brick incinerator on a

community scale.

1.8 Comparison of Research Results with Previous Studies
To evaluate the position of the results of this study, a comparison was made with several previous studies that
discussed small-scale incinerators, the relationship between combustion temperature and CO emissions, and the
use of lightweight brick materials as thermal insulation.
a. Comparison with Small-Scale Incinerator Studies
Several previous studies have shown that the performance of small-scale incinerators is significantly
influenced by operating temperature, waste moisture content, and combustion chamber design.
A study by Nyoti et al. on small-scale incinerators showed that high operating temperatures can improve
combustion quality and reduce exhaust emissions, while low temperatures produce denser smoke and
higher emissions. [20]
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The results of this study show a similar pattern, where increasing the temperature from 220°C to 608°C
resulted in a decrease in CO concentration from 1315 ppm to 840 ppm. This indicates that the lightweight
brick incinerator can achieve combustion performance comparable to that of other small-scale incinerators
studied. The results of this study are similar to previous studies in showing that high temperatures increase
combustion efficiency and reduce emissions.

b. Comparison of the Relationship between Combustion Temperature and CO Emissions

Other studies on incinerator emission performance have shown that increasing operating temperature
significantly reduces combustion gas emissions. Emission evaluation studies on small-scale incinerators
report that high temperatures result in more complete combustion and lower CO emissions compared to
low-temperature conditions. [21]

Your study showed a significant change when the temperature exceeds approximately 400°C, where CO
levels drop sharply (1188 — 924 ppm). This phenomenon indicates the existence of a critical temperature
for optimal combustion, the condition where carbon oxidation occurs most completely. The results of this
study are more informative because they show a clear temperature transition point, not just a general trend
of decreasing CO.

¢. Comparison with the Study of Lightweight Bricks as Thermal Insulation

Material studies show that lightweight bricks have low thermal conductivity, making them effective as
heat insulation materials. Research on lightweight mortar and materials indicates a thermal conductivity of
<0.2 W/(m-K), which contributes to better heat retention. Other studies on lightweight bricks also report
that lightweight materials can improve thermal insulation and reduce heat energy loss during the heating
process. [22][23]

In this study, the use of lightweight bricks allowed the combustion chamber temperature to increase
steadily to >600°C with relatively low firewood consumption (+3-5 kg/cycle). This demonstrates good
thermal insulation performance, preventing energy from being easily lost to the environment. The results
of'this study are consistent with the literature that lightweight bricks increase thermal efficiency. Practically,
the incinerator maintained a stable temperature without additional insulation.

Overall, the results of this study confirm previous findings that increasing combustion temperature contributes
to reduced CO emissions. However, this study adds value through the implementation of a lightweight brick
incinerator that demonstrates high temperature stability in a simple, community-scale system. Thus, this study not
only confirms existing scientific trends but also provides a more relevant, applicable approach for low-cost waste
treatment technologies.

4. CONCLUSION

Based on the research results, it can be concluded that combustion temperature has a significant influence on the
carbon monoxide (CO) levels produced by a simple incinerator made from lightweight bricks. Increasing the
combustion temperature reduces CO concentrations due to a more complete oxidation process. The most effective
combustion conditions occur in the temperature range of 500—600°C, where CO emissions are lowest and
combustion is more stable.

The multi-level incinerator design improves combustion stability through better heat distribution and air
supply, while the lightweight brick material plays a role in heat retention, thus increasing combustion efficiency.
The results of this study indicate that temperature control is a key factor in reducing harmful gas emissions in
small-scale incinerators.

Overall, a simple incinerator made from lightweight bricks has the potential to be a practical and
environmentally friendly waste management solution at the community level. Further research is recommended to
evaluate other emission parameters and optimize the air supply system to improve combustion performance.
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can absorb solar heat. This study applies a Siepinski carpet with a complex
structure and large dimensions, resulting in iterations called fractals. This study
Correponding email V" : aims to improve the efficiency of solar dryers as an alternative to the negative
lohdydiana@pens.ac.id impact of falling tomato prices, to determine the effect of the Siepinski Carpet
Corrugated fractal distance on the performance of solar dryers in terms of heat
transfer, to compare corrugated absorber plates with 3 siepinski carpet
corrugated based on variations in the fractal ratio (RF), namely the ratio of the
fractal center distance to the fractal length RF = 1, RF = 0.75, and RF = 0.6, on
the performance of solar dryers, as well as to determine the distribution of
temperature, pressure, and air flow velocity in the collector using the
Computational Fluid Dynamics (CFD) simulation method. This study used
simulation methods that was conducted in a laboratory. In conclusion, the
fractal ratio strongly influences airflow behavior and temperature distribution,
where overly dense or overly open configurations enhance heat transfer, while
intermediate obstruction can reduce thermal performance. Among the cases
studied, RF =1 and RF = 0.6 provide more effective and consistent heat transfer
compared to RF = 0.75.

Banyuwangi, Indonesia
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1. INTRODUCTION
Indonesia is known as an agrarian country with a population that depends on the agricultural sector, supported by
a tropical climate and mountains that enrich the soil [1]. The agricultural sector contributes around 13% to the
national GDP and will absorb 29% of the workforce by 2022, making it the backbone of the rural economy [BPS
2025 data][2], [3], [4], [5].- However, farmers often suffer losses due to drastic price drops during abundant
harvests, as in the cases of Lampung and Bandung where production costs are not covered [6], [7]. This is
particularly relevant to Indonesian agriculture, where tomatoes are one of the main commodities with an annual
production of 1.2 million tons, but 20-30% are lost post-harvest due to decay and price fluctuations [8][9][10].
Dependence on fresh harvests exacerbates the instability of farmers' incomes, so post-harvest processing such as
drying can be a solution to extend shelf life, increase selling value, and support national food security [11].

Conventional sun-based drying is still dominant among Indonesian farmers, but this method is dependent
on weather, unhygienic, and difficult to control temperature and humidity, resulting in inconsistent dried product
quality. Solar dryers were then developed as an efficient and environmentally friendly solution, utilizing
Indonesia's solar radiation potential of 4.8 kWh/m? per day [12]. The performance of dryers is greatly influenced
by the design of the heat-absorbing plate, where the application of fractal structures such as Sierpinski Carpet
Corrugated (SCC) has been proven to increase efficiency by 32-85% through expanded contact area and more
even air flow distribution [13][14][15][16][17].

The Sierpinski Carpet fractal structure is a two-dimensional pattern formed through recursive iteration:
starting from a whole square, a square hole is then created in the center (1/9 of the area is lost), and the process is
repeated on the sub-squares up to a certain fractal level, resulting in a fractal dimension of approximately 1.89
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[18]. This pattern creates a corrugated surface that increases the surface area by 2-3 times compared to a flat plate,
facilitating even heat distribution and an optimal laminar-turbulent airflow pattern. Relevant research such as the
study by Koch and Lohndorf (2020) on fractal heat exchangers shows a 40% increase in heat transfer thanks to
self-similar geometry, while CFD simulations by Wang et al. (2022) on SCC solar air heaters prove 75% thermal
efficiency at a fractal ratio of 0.6. The advantages of the Sierpinski Carpet structure include: large surface area for
optimal convection, uniform airflow distribution that reduces hotspots, lightweight and inexpensive production
using corrugated metal sheets, and scalability for small-scale applications. Its disadvantages include: fabrication
complexity at high iterations that increases costs (up to 20% more expensive), potential dust accumulation in
fractal gaps that clogs the flow, and sensitivity to variations in the fractal ratio (FR) where an FR that is too small
(<0.5) actually reduces air velocity by up to 15%.

This study developed the Sierpinski Carpet Corrugated Solar Air Heater (SCCA-SAH) to improve tomato
drying efficiency, supporting the production of high-value products such as Torakur—date-flavored tomatoes sold
for up to Rp60,000/kg [19][20][21]. Experimental methods and CFD simulations were used to analyze the effect
of varying fractal ratios (RF = 1, 0.75, 0.6) on heat distribution, efficiency, air velocity, and drying rate [22][23].
This development is expected to reduce losses for Indonesian farmers and encourage agricultural product
diversification.

2. SIMULATION METHODS

This chapter provides a comprehensive explanation of the design, including the data collection techniques,
location, and timeframe. It also explains the procedures for impartial data processing and assessment to achieve
the stated objectives: to determine the distribution of air temperature, air pressure, and air flow velocity within the
collector using Computational Fluid Dynamics simulation. This research employed a mixed method, consisting of
qualitative and quantitative methods. The quantitative method involved data collection based on research into the
decline in tomato selling prices in Indonesia after harvest. The qualitative method utilized ANSYS Fluent software
simulations is a Computational Fluid Dynamics (CFD)-based simulations software widely used to analyze fluid
flow and heat transfer through three main stages: pre-processing, processing, and post-processing. In the pre-
processing stage, the geometry is created in Space Claim with specific dimensions shown in Figure 1(a) and RF
variations, then important parts are named and an enclosure is formed to define the flow domain before the
simulation proceeds shown in Figure 1(b).

The next step is meshing, which divides the geometric domain into small elements for numerical
discretization. Mesh quality greatly affects simulation accuracy, so the size and type of mesh must be adjusted to
the complexity of the geometry, where the configuration for each RF variation is shown in Figure 1(c). Numerical
calculations were performed using CFD with a k-g turbulence model and SIMPLE algorithm for pressure-velocity
coupling. A three-dimensional steady-state model was used to analyze the effect of RF on heat transfer and flow.
The flow regime is assumed to be laminar is selected due to its suitability for internal flow and heat transfer
analysis. The light intensity on the upper wall is assumed to be 585 W/m?. A second-order discretization scheme
is applied to the momentum and energy equations to improve numerical accuracy. Convergence criteria are defined
based on residual values, with continuity and momentum residuals set to 10 to ensure physically stable and
meaningful solutions in all RF configurations.

The next step is to determine the boundary conditions, including inlet velocity, outlet pressure,
temperature, and wall conditions to match the actual conditions. Once all parameters have been determined, the
solution process is carried out iteratively until a convergent solution is obtained. Once convergence is achieved,
the simulation results are saved and analyzed using the post-processing feature. Post-processing involves analyzing
and visualizing the simulation results. This stage is used to obtain an overview of fluid flow, air pressure
distribution, air temperature distribution, and air flow velocity, in accordance with the research objectives using
the Computational Fluid Dynamics (CFD) method. The dimension, material, and simulation parameter setting can
be seen in Tables 1.

3. RESULT AND DISCUSSION

The temperature contour distribution of the three fractal ratio variations shows quite clear differences in heat
transfer characteristics. At RF=0.6, it shows that a denser fractal structure increases air mixing, thereby reducing
hot spots, but also lowering the maximum temperature increase. This results in a highest temperature peak of 389.7
K with a temperature deviation of 56 K, indicating a higher heating zone and sharper temperature contrast as well
as increased local heat transfer but with a less uniform distribution. The differences between these three variations
indicate a trade-off between increased heating efficiency and uniformity of heat distribution, so the choice of
fractal ratio must be tailored to the system design requirements. Based on the reinterpretation that RF=1 represents
the densest fractal distance, the experimental results show a pattern consistent with leading literature studies. An
overly dense fractal configuration causes a significant increase in pressure drop and flow resistance, thereby
reducing the air mass flow rate and ultimately decreasing heat transfer performance, as reflected in the lowest
outlet temperature showing a lower temperature deviation of 54.9 K, indicating a more uniform thermal

Journal of Engineering Design and Technology 72



LOGIC

Jurnal Rancang Bangun dan Teknologi Vol. 26 No. 1 March 2026

distribution, but very little heat transferred. These findings are consistent with the principle in thermal engineering
that states that optimization of heat sink geometry must balance between increasing surface area and pressure loss
[13].

Figure 2 shows the grid indenpendency for simulation to ensure stability. The results indicate that the air
outlet temperature generally increases as the number of cells rises, showing improved resolution of heat transfer
with finer discretization. A significant increase is observed when the cell number is raised from 5,000 to 18,000,
suggesting that coarse meshes tend to underpredict the outlet temperature. Beyond this range, the temperature
variation becomes smaller, indicating that the solution starts to converge. The case with 7,000 cells shows a
temperature comparable to higher cell counts, implying that this mesh density already provides a reasonable
balance between accuracy and computational cost.

AN

RF=0.75

(c)
Figure 1. (a) Corrugated Sierpinski Carpet Model, (b) Solar Collector Model, (¢) Meshing

Table 1. Dimension, Material, and Simulation Parameter Setting.

Parameter Settings
Dimension 0,975 mm
Modelling 3D
Material Aluminum
Boundary Condition
Inet: Velocity inlet: 0,5 m/s
Outlet: Pressure outlet
Top Wall Heat Flux 585 w/m?
Bottom and Cover Wall Adiabatic
Algorithm SIMPLE
Residual 10-e4
Energy ON
Temperature inlet 300K
Discretization First Order
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Figure 2. Grid Independency

3.1 Temperatur Distribution

Figure 3 shows the temperature distribution, it shows three distinct behaviors that reflect how the fractal absorber
geometry reshapes the heat pickup along the dryer. The RF =1 curve (blue, triangles) showing a sharp temperature
increase of about 34 K in the first third of the channel length, starts cooler near the inlet 300 K, then exhibits a
sudden jump around the first third of the channel and remains at a higher plate 334K until 336 K downstream a
signature of strong local heat accumulation caused by dense obstacles that trap air and create recirculation zones
with long residence times. The RF = (.75 trace shows in red color, results in an output temperature that is 10-15%
lower in the range of 320-330 K and a decrease in efficiency of around 15-15.5%, which indicates less than optimal
thermal interaction due to excessively smooth flow. The RF = 0.6 series. It shows the most even, steadily increasing
temperature toward the outlet and reaches comparable or slightly higher outlet temperatures, which suggests that
the more open fractal spacing promotes beneficial mixing: enough turbulence to enhance surface-to-air heat
exchange without producing severe local hot spots or excessive flow resistance. These trends match the simulation
observations that fractal spacing controls the trade-off between maximum heating and uniformity as shown in
Figure 4. That the fractal ratio (RF) significantly affects thermal behavior within the channel. The RF = 1
configuration produces higher but locally accumulated temperatures due to increased flow obstruction. RF = 0.75
exhibits strong thermal gradients and non-uniform heating. In contrast, RF = 0.6 provides the most uniform
temperature distribution, indicating balanced convection—conduction heat transfer and improved thermal stability.
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Figure 3. Air Temperature Distribution in Middle Line.

Journal of Engineering Design and Technology 74



LOGIC

Jurnal Rancang Bangun dan Teknologi Vol. 26 No. 1 March 2026
Temperature Temperature
346 378

H 343 364

' 340 = 350
337 - —_— = 1 337
334 v y 323
33 v =310
329 - 296
326 283
323 N— I 269
320 [ - 255

B 317 S - 242

[ aim =3

(@) (b)

Temperature

344
333
321
310

K _I

o 023 om0 im
— —
Ve o

(c)
Figure 4. Contour (a) RF=1, (b) RF=0,75, (c) RF=0,6

3.2 Velocity Distribution

The velocity is shown in Figure 5, the chart explains the temperature patterns by revealing how the fractal layout
reorganizes the airflow. For RF = 1 the velocity stays modest through the inlet region then accelerates sharply near
the downstream constrictions, producing the large peaks seen at the far right; this acceleration follows flow through
narrow passages created by dense fractal elements and explains why temperature jumps occur where the air is
rapidly compressed and heated locally. RF = 0.75 shows a mid-channel velocity rise (around 0.3—0.5 m) and then
a decline toward the outlet — a behavior consistent with moderate obstruction that momentarily boosts convective
transport but then allows the flow to slow and re-mix, producing steadier, lower peak temperatures. RF = 0.6
begins with a relatively high inlet velocity that drops and smooths out downstream, indicating an initially open
inlet that quickly converts momentum into distributed mixing; this pattern sustains continuous convective transfer
and yields a gradual, uniform temperature increase. In short, the velocity plots reveal the hydrodynamic
mechanisms acceleration, recirculation, residence time by which fractal spacing controls both local heating and
overall thermal performance.
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Figure 5. Air Velocity Distribution in Middle Line.
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3.3 Average Temperature and Heat Transfer Efficiency

Table 2. Average Temperature and Heat Transfer Efficiency

Heat Transfer Efficiency (%)

Variation Average Temperature Outlet (K)
RF=1 328,43 17,14
RF=0,75 326,66 5,46
RF=0,6 328,00 16,72

Based on Table 2, variations in the RF parameter have a noticeable influence on both the average outlet
temperature and the heat transfer efficiency as shown below :

AT = Number of Temperature Data (])

Total Temperature Data

_ Qactual )
Qmax

At RF = 1, the average outlet temperature reaches 328.43 K, accompanied by the highest heat transfer
efficiency of 17.14%. This condition indicates that the system operates near its optimal thermal performance,
where the heat exchange process is relatively effective. When the RF value is reduced to 0.75, the average outlet
temperature decreases to 326.66 K. More significantly, the heat transfer efficiency drops sharply to 5.46%. This
substantial reduction suggests that, under this condition, the heat transfer mechanism becomes less effective,
possibly due to unfavorable flow characteristics or reduced turbulence intensity that limits thermal energy
exchange. Further reduction of RF to 0.6 results in an increase in the average outlet temperature to 328.00 K,
which is comparable to the value observed at RF = 1. The heat transfer efficiency also recovers to 16.72%,
approaching the maximum efficiency recorded in this study. This trend indicates that lower RF does not necessarily
lead to poorer thermal performance, and that certain RF conditions can enhance heat transfer by improving flow
behavior and thermal interaction within the system. Overall, the results demonstrate that the relationship between
RF, outlet temperature, and heat transfer efficiency is non-linear. While RF = 1 and RF = 0.6 provide relatively
high efficiencies, RF = 0.75 represents a less favorable operating condition. These findings highlight the
importance of selecting an appropriate RF value to achieve optimal heat transfer performance.

4. CONCLUSION

1. The variation in fractal ratio (RF) directly shapes how heat is distributed along the channel. A denser
configuration (RF = 1) showed a sharp temperature increase of about 30—35 K in the first third of the
channel, accompanied by a higher axial temperature gradient compared to other configurations., while
more open arrangements (RF = 0.75 and RF = 0.6) allow the air to move more smoothly, resulting in a
gentler and more uniform rise in temperature.

2. These heating differences are largely driven by how each fractal layout alters the airflow pattern. When
the geometry creates too much resistance, the flow becomes unstable, accelerating and decelerating ab-
ruptly, which leads to uneven heating. But when the obstruction is balanced, the airflow stays steady and
well-mixed, enabling the thermal energy to be carried more consistently throughout the channel.

3. The heat transfer efficiencies were obtained at RF = 1 and RF = 0.6, with values of 17.14% and 16.72%,
respectively, accompanied by relatively high outlet temperatures. In contrast, the RF = 0.75 condition
produced a noticeably lower outlet temperature and a substantial decrease in heat transfer efficiency,
indicating less effective thermal interaction.

4. The limitation of this simulation lies in the reliance on a first-order approach and intricate parameter
settings, which may not completely represent actual operating conditions. Further studies should explore
more advanced modeling techniques.
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Abstract. Starch-based bioplastics have emerged as sustainable substitutes as a result
of the buildup of plastic waste. However, high costs and technical flaws frequently
restrict their industrial application. While previous studies have explored agricultural
fillers, there is a scarcity of kinetic modeling that evaluates biocomposite degradation
across diverse disposal scenarios. The purpose of this work is to examine the
biodegradation kinetics of bioplastics made from cassava starch and reinforced with
spent coffee grounds (SCG) at different concentrations (0%, 10%, 20%, and 30%). Over
the course of 28 days, biodegradation tests were carried out in three different settings:
acidic solution, tap water, and soil burial. The findings demonstrated that adding SCG

greatly sped up the degradation process, with weight loss peaking at 55.3% in soil burial
for the 30% SCG formulation. The degradation rate constant (k) gradually rose with
increasing SCG content in all media, according to kinetic analysis based on a first-order
model. Microbial enzymatic activity in soil produced the highest (k) value, which was
0.0283 days™'. Acidic solution also promoted faster degradation (0.0253 days™") through
acid-catalyzed hydrolysis than tap water (0.0189 days™). These findings provide a clear
practical guide for the packaging industry to control how fast a product breaks down by
simply adjusting the coffee waste content. This research offers a realistic way for
businesses to recycle coffee waste into functional packaging that disappears safely after
use, supporting a cleaner environment.

Keywords : Biodegradation, Bioplastics, Coffee, Green Materials, Kinetics

1. INTRODUCTION

Indonesia's plastic waste crisis has reached a critical stage, with estimates indicating a 30% increase in the flow of
plastic debris between 2017 and 2025 [1]. The development of biodegradable polymers has become a crucial
strategy in the fight against this environmental danger, offering a sustainable substitute for traditional plastics
derived from petroleum. Despite being essential for packaging, adoption is frequently impeded by high material
costs that outweigh the advantages for the environment. In order to balance sustainability with the "waste-to-
wealth" concept, using cassava by-products like peels shows great promise as an inexpensive source that can
address technical limitations like sensitivity to moisture and retrogradation processes [2]. According to Darni and
Utami [3], these starch-based materials are made to decompose organically without encountering the usual
problems with structural integrity. Furthermore, these bioplastics exhibit high ecological safety; research indicates
they are non-toxic to the soil upon degradation and can even actively promote the growth of tested plant species
[4].

Because it can be recycled and processed in a variety of ways, starch is a great option for the production
of bioplastics, which can help cut pollution by providing a sustainable substitute for plastics made from fossil
fuels. Its film characteristics are determined by the amylose-to-amylopectin ratio, with higher amylose levels
providing greater stiffness and strength [5]. Cassava starch is very popular in Indonesia because it is inexpensive
and has good film-forming properties. Research shows that tapioca-based biopolymers frequently produce the best,
smoothest, and most flexible results when compared to other starch types [6]. However, its natural brittleness and
propensity to absorb moisture frequently restrict its industrial use in architectural and food packaging applications
(7, 8]
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Beyond technical performance, economic considerations usually take precedence over environmental
concerns among consumers. Thus, employing cassava by-products in a "waste-to-wealth" strategy offers a
methodical way to produce materials at a reasonable price while tackling issues like retrogradation. It has been
shown that incorporating natural fibers and nanoparticles enhances mechanical stiffness and water barrier
properties while also accelerating the soil's biodegradation process in order to get around these limitations. [9].
The goal of this engineering and design collaboration is to identify the best material components for a more
environmentally friendly future so that these sustainable substitutes can rival traditional synthesized polymers. [6,
71.

Organic fillers have drawn a lot of interest as a cutting-edge waste management technique to enhance the
quality of bioplastics. The growing popularity of coffee culture in Indonesia, particularly in places like Bali, has
resulted in a significant waste product known as spent coffee grounds (SCG) [10]. Apart from SCG, other waste
materials such as coffee flour, mucilage, husk, and silverskin possess tremendous potential for the production of
environmentally friendly containers through various methods such as laboratory-scale solvent casting and large-
scale extrusion [11]. The use of these agricultural waste materials for the production of additives is extremely
beneficial for the creation of a circular economy and industrial symbiosis, which is environmentally friendly and
results in a lower carbon footprint compared to other fillers such as commercial metal oxide fillers [12, 13]. While
further increasing the filler concentration tends to diminish mechanical properties, it also speeds up the rate of
degradation [14].

SCG offers polyphenols and lignocellulosic components that can strengthen the starch matrix chemically
[15]. Prior research has shown that adding fillers made from coffee waste can significantly increase flexibility,
with increases in elongation at break of up to 106% at low loading levels (1-5% weight percentage); however, this
is frequently accompanied by a decrease in Young's modulus and maximum tensile stress [16]. Despite these
advantages, the mechanical and barrier properties of bioplastics remain major hurdles to their commercial
realization in food packaging [17]. The material's stiffness may be negatively impacted by excessive loading, even
though these fillers significantly change the active and physical characteristics needed for protective purposes. In
order to improve composite performance and guarantee scalable, affordable, and sustainable industrial
applications, waste fillers must be modified or pre-treated to maximize interfacial adhesion [11, 12, 18]

The effects of these composites on the environment during disposal are still a major worry, even with
advancements in mechanical reinforcement. The composition of the polymer, environmental factors like
temperature, pH, and ultraviolet (UV) radiation, as well as the presence of chemical additives, all interact
intricately to drive biodegradation rates [19]. Understanding these factors is paramount because when a polymeric
product is released into the environment, it undergoes degradation that may lead to the formation of microplastics
if the process is not fully completed [20]. Starch-based bioplastics have shown notable degradation, achieving up
to 74% weight loss within 120 days, while also changing soil bacterial dynamics, in contrast to traditional plastics
like oxo-LDPE, which may exhibit only a slight weight reduction [21]. Changes in the soil microbial community
are brought about by this degradation process, particularly an increase in the number of bacteria that can use plastic
materials and those that participate in nitrogen cycling, which appear at particular points during the burial period
[21]. It is essential to investigate biodegradation kinetics in order to predict the duration of full assimilation and
ensure that no toxic residues remain. Thus far, there has been limited focus on kinetic modeling of SCG-reinforced
bioplastics under various real-world environmental conditions.

This study aims to investigate the biodegradation kinetics of bioplastics derived from coffee grounds and
cassava starch over a 28-day observation period. The study specifically examines degradation rate constants in
three distinct environments in order to model different disposal scenarios. By monitoring weight loss intervals,
this study aims to clarify how SCG concentrations affect the environmental lifespan and decomposition efficiency
of these sustainable packaging materials.

2. METHODS

The traditional markets in Bali, Indonesia, provided the cassava starch used in this study, ensuring the use of a
readily available, renewable raw material representative of local resources. To increase the sustainability of the
bioplastic production process and utilize post-consumer organic waste, SCG, a natural filler, was collected from
local coffee shops. Upon collection, the SCG were first washed thoroughly with distilled water to remove residual
sugars, oils, and soluble impurities that could interfere with film formation or biodegradation behavior. The
cleaned SCG were then oven-dried at a controlled temperature of 60 °C for 24 hours to eliminate moisture content
while preventing thermal degradation of the lignocellulosic components. After drying, the SCG were mechanically
sieved to obtain a uniform particle size of 250 um, which was selected to promote homogeneous dispersion within
the starch matrix and improve interfacial interaction.

Solution casting was used to create bioplastic films. After being dissolved in distilled water for about
fifteen minutes to reach the proper consistency, 30% glycerol was used to plasticize the cassava starch. The mixture
was heated (70-80°C) under stirring until gelatinization occurred. Subsequently, SCG was added at various
concentrations (0%, 10%, 20%, and 30% wt%). The homogeneous solution was cast into molds and dried at room
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temperature for 48 hours. The resulting films were cut into 4 x 4 cm specimens. Degradation behavior was
evaluated in three media: soil, water, and acidic solution. For soil burial, samples were buried at a depth of 5 cm
in garden soil with a pH of 6.7 and a moisture content of 32%. For tap water and acidic tests, films were fully
immersed, with media replaced weekly to ensure consistency. To create the acidic solution, concentrated acetic
acid was diluted with distilled water until a pH of 4.0 was reached, simulating an acidic environment. Every
experiment was carried out at room temperature.

The samples from every environment were meticulously extracted at pre-established intervals of 3, 7, 14,
and 28 days. Before being analyzed, the recovered samples were allowed to air-dry at room temperature for a full
day after being gently rinsed with distilled water to get rid of any surface residues or adhered soil particles. The
dried samples were then weighed using an analytical balance to determine weight loss as an indicator of
biodegradation progress. The weight loss percentage was calculated using the equation:

_wo-wt

WL
wo

x 100%

where WO is the initial weight and Wt is the weight after the specified degradation period.

3. RESULTS AND DISCUSSION

3.1 Results

The visual appearance of the bioplastic films is significantly impacted by the concentration of SCG, as shown in
Figure 1. The film's ability to retain high transparency and a smooth, homogeneous surface at 10% loading
indicates excellent compatibility and uniform filler dispersion within the starch matrix. Higher opacity and a
darker hue are the results of increasing the SCG content to 20%. At this stage, localized agglomeration and minor
surface irregularities start to show, indicating that the matrix is starting to reach its limit for consistent filler
integration. The film becomes primarily opaque and visually heterogeneous at the maximum loading of 30%.
There is noticeable particle clustering, which results in structural discontinuities and a rougher texture.

Figure 1. Visual appearance of cassava starch-based bioplastic films reinforced with varying concentrations of
spent coffee grounds (SCG): (left) B1 with 10% wt, (center) B2 with 20% wt, and (right) B3 with 30% wt.

Over the course of 28 days, the biodegradation of bioplastics made from cassava starch and coffee grounds was
assessed in three different media: soil, acidic solution, and water. The percentage of weight loss for each
formulation (0%, 10%, 20%, and 30%) was monitored at intervals of 3, 7, 14, and 28 days to determine the
degradation profile. The comprehensive results of the weight loss measurements are summarized in Table 1, while
the visual progression of the degradation is illustrated in Figure 2.

Table 1. Percentage of weight loss of bioplastic samples in various degradation media over 28 days.
Degradation Medium  Sample Code  SCG Content (%) 3 Days (%) 7 Days (%) 14 Days (%) 28 Days (%)

Tap Water BO 0 4.2 9.3 13.1 21.3
B1 10 7.4 14.2 19.2 332
B2 20 7.7 16.1 224 38.8
B3 30 7.2 154 234 36.5
Acidic solution BO 0 8.4 17.2 24.1 40.1
Bl 10 8.8 18.3 25.5 42.3
B2 20 8.9 18.5 25.8 42.4
B3 30 9.2 20.1 27.7 495
Soil Burial B0 0 10.2 21.8 292 50.4
Bl 10 9.3 21.7 28.4 449
B2 20 10.5 22.6 324 51.9
B3 30 10.9 229 36.8 55.3
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Biodegradation Profiles of the Bioplastic Samples.
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Figure 2. Biodegradation profiles of bioplastic samples in various environmental media over 28 days.

Over the course of the 28-day observation period, all bioplastic formulations showed a progressive increase in
weight loss, as shown in Figure 2. With a maximum weight loss of 50.4% in soil, the control samples continuously
displayed the lowest degradation rates across all media, as shown by the lower trajectories on the graph. On the
other hand, the degradation process was considerably accelerated by the addition of SCG. This pattern is evident
in Figure 2, where samples with 30% SCG had the greatest weight loss across all environments, peaking at 55.3%
in soil at the conclusion of the investigation.

The degradation environment, specifically microbial activity, moisture, and pH, had a major impact on
the rate of decomposition. Regardless of SCG concentration, soil burial consistently displayed the highest weight
loss values, followed by acidic solution, while tap water displayed the lowest rates. Figure 2 illustrates this
hierarchy by demonstrating that, in contrast to the aqueous media, the soil burial curves maintain a steeper incline.
For instance, at 20% SCG loading, the weight loss after 28 days was 51.9% in soil, 42.4% in acidic solution, and
38.8% in water. These results, supported by both the tabular and graphical data, indicate that both filler
concentration and the nature of the medium are primary determinants of the biodegradation behavior of these
biocomposites.

3.2 Discussion

Effect of Spent Coffee Grounds (SCG) on Biodegradation

The findings unequivocally show that adding SCG speeds up the weight loss of bioplastics made from cassava
starch. The disruption of the starch matrix's continuity by the SCG particles is the primary cause of this
phenomenon. Higher SCG loadings cause more filler agglomeration, which results in micro-voids and interfacial
gaps between the filler and the polymer matrix, as the morphological analysis shows. The surface area available
for enzymatic and hydrolytic attack is increased by these structural discontinuities, which make it easier for
moisture and microbes to enter the inner layers of the film. However, an unexpected trend occurred in tap water,
as the 30% SCG sample (B3) degraded slower than the 20% sample (B2). This most likely occurred as a result of
the coffee's natural oils repelling water and its denser particles filling the pores more firmly, offering momentary
protection in neutral environments. Unlike inorganic reinforcements like bentonite, which tend to stabilize the
bioplastic and slow down the degradation rate by increasing material integrity, organic fillers like SCG and coffee
skin fibers actively promote decomposition. Previous studies on cassava-based bioplastics reinforced with coffee
skin fibers reported significant biodegradation values ranging from 32.9% to 68.9%, underscoring the effectiveness
of coffee-derived waste as a natural degradant [22].

Additionally, coffee grounds' hydrophilic lignocellulosic components improve water absorption and serve
as a catalyst in the early phases of degradation. Recent research indicates that 10% filler content (B1) provides the
best balance by slightly improving mechanical properties while enhancing degradation, whereas higher filler levels
(B2 and B3) further increase biodegradability at the expense of tensile strength and flexibility. [14]. This rapid
weight loss in soil within 28 days is consistent with observations of starch-based films lacking high-integrity
stabilizers, which typically undergo rapid fragmentation after the initial stages of burial [23].
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Comparative Analysis of Degradation Media

The study's degradation rates were consistently grouped in a hierarchy, with the soil environment having the largest
impact, followed by acidic solutions and tap water. In the soil environment, the formulation containing 30% SCG
experienced the greatest weight loss, peaking at 55.3%. This rapid decomposition is attributed to the synergistic
effect of biotic and abiotic factors; specifically, the diverse community of soil-dwelling bacteria and fungi secretes
amylase and other extracellular enzymes that hydrolyze starch polysaccharides into simpler sugars for microbial
metabolism. This pattern is consistent with earlier studies on bioplastics based on starch, which reported higher
weight loss in soil (up to 63%) compared to aquatic environments such as river water (54%), with significantly
higher degradation rate constants observed in soil media [25].

A low pH environment actively promotes the hydrolysis of glycosidic bonds within the starch chain by
acid, as evidenced by the higher rate of degradation seen in acidic solution compared to tap water in aqueous
environments. This chemical cleavage increases the matrix's solubility and fragmentation susceptibility by
reducing the polymer's molecular weight. On the other hand, tap water loses weight the slowest of all the
environments tested because it lacks the concentrated microbial activity present in soil as well as the accelerated
chemical reactivity of an acidic medium. The kinetic calculations of Syuhada [25] corroborate these findings,
confirming that the superior availability of biological degradants in soil usually results in a higher rate of
biodegradation than in water-based media.

Biodegradation Kinetics

A first-order kinetic model was used to assess the quantitative analysis of the degradation process. Deep insight
into how the material composition and the external environment affect the bioplastic's lifespan can be gained from
the rate constant (), which shows the rate of weight reduction over time.

Table 2. Calculated first-order degradation rate constants (k) for SCG-reinforced bioplastics in different media.

Degradation ~ Sample SCG Rate
Medium Code Content  Constant
(%) (k)
(days™)
Tap Water BO 0 0.0082
Bl 10 0.0157
B2 20 0.0177
B3 30 0.0189
Acidic BO 0 0.0136
solution
Bl 10 0.0175
B2 20 0.0236
B3 30 0.0253
Soil Burial B0 0 0.0168
Bl 10 0.0188
B2 20 0.0240
B3 30 0.0283

The data in Table 2 reveals a significant correlation between the filler concentration and the degradation velocity.
In all tested media, the rate constant (k ) increases progressively as the SCG content rises from 0% to 30%. In tap
water, for instance, the k value nearly doubles from the control (0.0082 days™) to the 10% SCG variation (0.0157
days™). This suggests that adding even a small amount of coffee grounds significantly changes the starch matrix,
making it more porous and more likely to absorb moisture. This pattern is in line with research by Amer [24], who
found that while pure synthetic polymers stay the same, weight loss and water absorption rise with increasing
starch or organic content.The kinetic behavior is also significantly influenced by the surrounding circumstances.
The Soil Burial medium consistently had the highest k values, with the B3 sample reaching its peak at 0.0283
days™. This faster soil decomposition is consistent with research by Syuhada [25], which found that soil weight
loss was significantly higher (63%) than in aquatic environments, such as river water (54%), and that this was
backed by higher degradation rate constants in soil media. The high rate in soil is caused by microbial enzymatic
secretion, especially amylase, which actively breaks down starch chains into glucose units that can be metabolized.

Furthermore, the acidic solution medium yielded higher k values than tap water. The acidic environment
promotes acid-catalyzed hydrolysis of the glycosidic bonds. The results indicate that the B3 sample degraded
considerably more quickly in acidic solution (0.0253 days™) than in neutral water (0.0189 days™). This confirms
that a lower pH environment provides a chemical "shortcut" for polymer chain scission. However, the design of
these bioplastics must consider the specific filler type; as noted by Oblitas [26], while organic fillers generally aid
decomposition, certain structural components like cellulose can sometimes slow down the degradation rate
compared to pure starch controls.
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In summary, this study demonstrates that by merely varying the quantity of coffee grounds added, we can
regulate the rate at which the bioplastic decomposes. In plain water, the material is fairly durable, but once it is
buried in the ground, it breaks down rapidly. However, this degradability is closely linked to the material's initial
mechanical properties. Widantha [14] asserts that the inclusion of SCG affects both flexibility and tensile strength.
A moderate filler loading of 10% (B1) was found to reinforce the structure, achieving a peak tensile strength of
2.37 MPa and a slight improvement in elongation to 32%. In contrast, higher filler concentrations (20% and 30%)
led to a significant decline in tensile strength (down to 1.18 MPa) and a sharp reduction in ductility (dropping to
14% elongation). As supported by Amer [24] and Oblitas [26], this weakening of the structural matrix at higher
SCG loadings not only restricts polymer chain mobility but also creates more entry points for environmental
degradation agents. The B3 sample has the highest rate of degradation (0.0283 days™) and the lowest mechanical
strength, which can be explained by this dual effect. While a high SCG content is best suited for applications
requiring quick composting, these results demonstrate that biocomposites are a flexible and sustainable alternative
to traditional packaging technologies, emphasizing the need to find a balance for packaging that demands greater
mechanical durability.

4. CONCLUSION

This study concludes that the addition of SCG effectively accelerates the biodegradation of cassava starch-based
bioplastics, with the rate constant peaking at 0.0283 days™" in the 30% SCG formulation buried in soil. The rate of
degradation is directly regulated by the concentration of SCG. The material becomes more porous and has a larger
surface area when more filler is added, which enables the decomposition speed to be changed as necessary. Even
though the soil environment and acidic conditions significantly improve decomposition through enzymatic activity
and hydrolysis, a higher filler content results in a trade-off by lowering mechanical durability. These results show
that coffee waste can be recycled to create beneficial biocomposites that actively prevent environmental buildup.
It is intended that these findings will encourage broader industrial adoption of circular economy principles,
ensuring that future packaging products not only serve their intended function but also safely and effectively return
to the ecosystem.
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1. INTRODUCTION

Transportation is widely acknowledged as a major sector responsible for producing greenhouse gas emissions and
contributing to deteriorating air quality in urban regions [1]. To address these issues and reduce reliance on
petroleum-based fuels, the transition from conventional internal combustion vehicles to Electric Vehicles (EVs)
has been increasingly advocated [1]. Lithium-ion batteries (LIB) are predominantly selected as the main energy-
storage component for EVs because they possess several advantageous characteristics, including high energy
density, strong power capability, extended lifespan, low self-discharge behavior, and the absence of memory
effects [2]. Even so, the heat generated during charge—discharge processes can elevate the cell temperature,
consequently influencing the battery’s cycle durability, performance consistency, reliability, and safety [3]. If the
temperature rise becomes excessive, the battery may experience hazardous events such as thermal runaway [3].
Prior investigations have indicated that lithium-ion batteries should ideally operate within a temperature window
of approximately 20 °C to 40 °C, while the allowable temperature difference across the battery is recommended
to remain below about 5°C [4]. This thermal control can be applied either within individual cells or across battery
modules [4].

Therefore, establishing an effective battery thermal-management approach is essential. Cooling
methodologies are generally categorized based on the medium involved, including air cooling [5][6], liquid cooling
[7][8], heat-pipe systems [9][10], phase-change-material (PCM) cooling [11][12], and hybrid methods [13].
Among these options, air cooling is often considered the simplest technique, where airflow is directed into the
battery structure using devices such as fans to enhance heat removal. Various studies have attempted to improve
air-cooling performance by adjusting the airflow distribution. Yang et al. [14], for instance, demonstrated that
changes in inlet angle affect the resulting airflow patterns. Additional parameters such as cell arrangement, spacing
between cells, and airflow velocity have also been explored. Nonetheless, air cooling becomes less suitable for
modern high-rate charge scenarios due to its inherently limited thermal-conductivity capability. Conversely, PCM-
based cooling offers the advantage of reducing temperature and maintaining a low temperature gradient, although
its application is restricted by the material’s thermal properties and melting characteristics. Meanwhile, liquid
cooling has been identified as the most effective BTMS method [15] with maximum temperature reductions of 8—
14 °C and AT maintained within 3—5 °C [16] but its use remains constrained by structural complexity, and pumping
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power requirements.

This study focuses on evaluating the thermal performance of a liquid cooling system applied to cylindrical
Li-ion battery packs consisting of eight cells. The research emphasizes the importance of energy efficiency, where
the cooling method is expected not only to dissipate the internal heat generated during charge and discharge but
also to minimize additional energy consumption. Numerical simulations are employed to analyze the effect of cold
plate design variations, particularly through the use of internal channels with different inlet diameters. By
maximizing the contact area between the cooling surface and the battery, these variations are proposed to improve
overall uniformity across the battery pack. Furthermore, the study provides insights into enhancing both thermal
safety and operational efficiency in LIB battery packs.

2. RESEARCH METHODS

2.1 Geometry of the Models

To evaluate the influence of cooling channel dimensions on the thermal performance of the battery pack, three
geometric variations of the liquid cold plate were designed. Each model integrates cylindrical Li-ion cells with
embedded cooling channels, allowing water to circulate and remove the generated heat. The variations are the
cooling channel, where diameters were set to 4 mm, 6 mm, and 8 mm. The corresponding layouts of these designs
are illustrated in figure 1. Specifically, model (a) represents the 4 mm channel configuration, model (b) corresponds
to the 6 mm channel, and model (c) illustrates the 8 mm channel. These configurations were developed to
investigate the relationship between channel diameter, temperature uniformity, and heat dissipation efficiency
across the battery pack.
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Figure 1. (a) 2-D view of the 4 mm channel on the LIBs pack, (b) 2-D view of the 6 mm channel on the LIBs
pack, (c) 2-D view of the 8 mm channel on the LIBs pack

2.2 Governing Equations

To evaluate the cooling behavior of the battery system, the analysis first addresses the fluid-flow characteristics
by employing the Reynolds-Averaged Navier—Stokes (RANS) formulation for mass and momentum conservation,
as presented in Eq. 1 and 2 [17]. The subsequent thermal response of the battery is then described through the
energy-balance relation in Eq. 3, with a heat source model based on experimental thermal characteristics at Eq. 4.
This model is further developed into a parametric function in Eq. 5. The parametric coefficient was set based on
Z. Rao experiment [23], representing the vertical heat inhomogeneity observed experimentally. The function was
implemented in numerical software as a spatially dependent volumetric heat source using a UDF [18], [19], [20],
[21]. These governing equations provide the model which ensures that the cooling channel configurations can be
systematically assessed for their impact on maximum temperature, temperature uniformity, and overall thermal
efficiency. [21]
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2.3 Mesh and Boundary Conditions

To effectively capture the complex geometry of the battery cooling system, the computational domain was
discretized using an unstructured tetrahedral mesh. This meshing strategy offers flexibility and accurate
representation of faces at the cylindrical cells. Figure 2(a) illustrates a schematic of the liquid cooling system of
the battery module, while figure 2(b) presents the mesh distribution. The system is composed of cylindrical cells
embedded in an aluminum block, which incorporates five liquid coolant channels. The inlet mass flow rate was
set to 0.0035 kg/s remembering pump power consumption. Velocity-inlet conditions were applied at the inlets,
while a no-slip condition was applied on the internal channel surfaces. The entire module was assumed to be
adiabatic, with an inlet liquid temperature fixed at 25 °C. The material properties employed in the simulation
showed in Table 1.

Table 1. Material Properties

. C k
Materials kgm ) Ukg k) (W) @ms
Aluminum 2719 871 202.4 -
Battery 2450 1108.4 3917 -
Water 998.2 4128 0.6 1.003

Aluminum Cold Plate

(2) (b)

Figure 2. (a) Boundary conditions (b) Mesh

2.4 Grid Independence Test

The accuracy of Computational Fluid Dynamics (CFD) simulations is strongly influenced by the quality of the
mesh employed. To ensure reliable model, a grid independence test was carried out using different meshes, where
the coarse mesh consisted of 1,555%106 elements, the medium mesh of 2.333x106 elements, and the fine mesh of
3,5Ex106 elements. The Richardson extrapolation technique, generalized by Roache [22], was applied as the
methodological basis. Equations (9) and (10) were utilized to estimate the numerical error for both coarse and fine
mesh cases, while a safety factor of 1.25 was adopted. The relative error values obtained, as presented in Table 2,
indicated that mesh refinement affected the convergence index. As illustrated in figure 3, higher mesh resolution
was associated with improved accuracy. Therefore, the fine mesh configuration was selected for subsequent
simulations.
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Table 2. Result of grid convergence index
Mesh Fine Medium Coarse
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Figure 3. Mesh Sensitivity

3. RESULTS AND DISCUSSION

3.1 Validation

The experimental data utilized were obtained from the values of three heat sources who conducted by Z. Rao et.
al. [23]. The setup conducted in such a way as to account for the slightly larger chemical reaction occurring at the
positive terminal compared to other regions. The primary objective was the capture of vertical inhomogeneity
within the battery. The experiment was performed at a discharge rate of 5C, representing high-power operating
conditions in which thermal effects are more significant and critical for performance evaluation. As illustrated in
figure 4, the predicted temperature closely matched the experimental data, with a maximum deviation of only
3.99%, which validates the suitability of the heat-generation model adopted in this study.
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Figure 4. Validation with experiment

3.2 Analysis

Figure 5 presents the maximum temperature distribution of the battery pack for three cooling channel diameters,
elucidating the influence of channel geometry on peak thermal management. In each scenario, the temperature
profile initiates at 25 °C and exhibits a pronounced increase within the initial 200-300 s, subsequently followed
by a gradual decline as the coolant counteracts the heat produced by internal electrochemical reactions. This
transient response underscores the interplay between heat generation during 5C discharge and the thermal
dissipation capacity of the liquid cooling architecture. For the @4mm configuration, the maximum temperature
attains approximately 37.8 °C, representing the highest value among the three cases. The pronounced slope from
0 to 300 s reflects the restricted channel diameter, which limits coolant flow and diminishes the convective heat
transfer coefficient. Consequently, thermal energy accumulates rapidly, resulting in an increased temperature
gradient across the cells. Even after reaching quasi-steady-state, the temperature remains elevated at approximately
35°C, signifying suboptimal mitigation of peak thermal loads. The @6mm channel exhibits improved thermal
performance, with the maximum temperature reduced to 36.9 °C.

The transient temperature rise retains an exponential character but with a diminished gradient relative to
the 4mm case, indicating a more equilibrated relationship between heat generation and dissipation. The stabilized
temperature decreases to approximately 34.2°C, constituting a moderate yet significant improvement in cooling
efficiency. This configuration represents a balance between hydraulic resistance and effective thermal
management. The @8mm channel achieves the most effective thermal management, constraining the maximum
temperature to approximately 36.2 °C and stabilizing at 33.6 °C. The temperature profile within the initial 0-300
s is comparatively smoother, reflecting the superior efficacy of the enlarged flow passage in mitigating thermal
accumulation. This configuration not only attenuates the overall peak temperature but also facilitates more rapid
stabilization, thereby minimizing the likelihood of localized thermal hotspots. Across all configurations, the nearly
superimposed temperature curves among the cells indicate a symmetrical coolant distribution. Nonetheless,
smaller channel diameters yield increased peak gradients and a delayed thermal response. By contrast, the @8mm
channel consistently exhibits enhanced cooling capacity, improved system stability, and superior safety margins
under high-power operating conditions.
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Figure 6 presents the AT (temperature difference) curves for channel diameters of 4, 6, and 8 mm, illustrating the
significance of temperature uniformity within the battery pack. All investigated configurations display a
pronounced increase in temperature difference during the initial stage of discharge (0-200 s), corresponding to a
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period when heat generation exceeds heat dissipation. Following the peak, AT progressively declines as the
temperature distribution among the cells approaches steady state. For the 4 mm channel diameter, the maximum
AT attains 8.3 °C, the largest among the examined cases. The reduced channel dimension limits coolant flow,
resulting in non-uniform heat extraction across the cells. This condition leads to the formation of localized hot
spots, with cells at suboptimal cooling positions exhibiting elevated temperatures. Pronounced temperature
gradients accelerate degradation mechanisms, shorten cycle life, and increase the likelihood of thermal runaway.
The 6 mm channel demonstrates enhanced temperature uniformity.

The increased cross-sectional area facilitates improved coolant circulation, promoting more homogeneous
heat removal from the cells. Although minor discrepancies persist between individual cells, the decrease in AT
signifies a notable enhancement in thermal safety. The 8 mm channel achieves the most uniform temperature
distribution, as AT is minimized. The temperature profiles of all eight cells exhibit greater overlap, indicating that
heat dissipation is consistently maintained throughout the module. The smoother gradient observed during the
transient phase suggests that the system effectively balances heat generation and removal, thereby limiting the
development of thermal gradients. Maintaining temperature uniformity is essential for the safety and optimal
performance of lithium-ion batteries. Even minor AT values between cells can induce non-uniform aging, with
hotter cells undergoing accelerated degradation, thereby reducing the overall module capacity and lifespan.
Consequently, minimizing AT through optimized cooling design not only enhances operational safety but also
promotes long-term reliability and energy efficiency of the battery pack.
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Table 3 presents the reduction of thermal difference for each battery cell under different cooling channel diameters
of 4, 6, and 8 mm, compared to the baseline condition without cooling. In the no-cooling case, the maximum AT
across the module was recorded at 59.358 °C. With the implementation of liquid cooling, all configurations
demonstrate a remarkable reduction in AT exceeding 85%, confirming the effectiveness of channel-based cooling
in suppressing temperature gradients among the cells. Specifically, the 4 mm channel yields an average AT
reduction of 86.092%, the 6 mm channel achieves 86.108%, and the 8 mm channel records the highest
improvement at 86.171%. The trend indicates that increasing channel diameter consistently enhances heat
dissipation and promotes better thermal uniformity. It is also noteworthy that the reduction percentages remain
stable across all eight cells, with only marginal variation between them. This indicates that the cooling system
provides a nearly uniform cooling effect regardless of cell position, which is particularly important in cylindrical
battery packs where localized hotspots are a critical issue. The slightly superior performance of the 8 mm
configuration can be attributed to the larger conductive surface area and increased coolant flow capacity, which
together improve the heat transfer rate from the cells to the coolant.
Table 3. Thermal difference reduction

Cell No Cooling 4mm 6mm 8mm
AT (°C) AT reduction (%) AT reduction (%) AT reduction (%)

1 85.859 86.155 86.230
2 86.093 86.051 86.107
3 86.086 86.063 86.108
4 86.172 86.160 86.235
5 59.358 86.176 86.159 86.237
6 86.080 86.065 86.106
7 86.092 86.053 86.116
8 86.177 86.153 86.230

Average (%) 86.092 86.108 86.171

Figure 7 presents the pressure drop (AP) across the cooling channel for the three investigated diameters. The results
demonstrate a clear inverse relationship between channel diameter and pressure drop. This trend is attributed to
the reduction in hydraulic resistance as the channel area increases. A larger diameter reduces flow velocity and
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wall shear stress, thereby minimizing frictional losses along the channel. From an operational perspective, lower
pressure drop directly translates into reduced pumping power requirements. Notably, the @8mm configuration not
only provides the best thermal performance, but also results in the lowest hydraulic resistance.
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Figure 7. AP throughout the cooling channel
Figure 8 presents the temperature contours of the battery module under three cooling channel diameters,
emphasizing the role of channel size in promoting thermal equalization and mitigating localized hotspots. At
@4mm which is presented in figure 8(a), pronounced hotspot regions are observed around the mid-height of several
cells, indicating localized heat accumulation and insufficient thermal dispersion. The narrow channel restricts
coolant distribution, thereby limiting conduction—convection coupling and resulting in uneven temperature fields,
as further evidenced by the non-uniform isothermal bands at the outlet. With an enlarged channel of d6mm
presented in figure 8(b), these hotspots are significantly suppressed, and the contour distribution evolves into
smoother transitions. This improvement reflects enhanced conductive spreading within the cold plate and a more
effective convective heat transfer, which jointly facilitates inter-cell temperature homogenization. The J8mm
configuration in figure 8(c) demonstrates the highest level of uniformity, where hotspot regions minimize
consistently from inlet to outlet, and parallel contour spacing indicates a nearly isothermal module. This condition
reveals that the increased channel diameter maximizes the heat removal performance, promotes more uniform
gradient, and elevates the capacity for both conductive and convective dissipation. Importantly, the near
elimination of localized high-temperature zones suggests a substantial improvement in thermal reliability and
operational safety. Collectively, the results highlight that the enlargement of cooling channels progressively
strengthens thermal equalization across the module. While @6mm offers a balanced trade-off between temperature
uniformity and flow resistance, d8mm establishes itself as the optimal configuration for avoiding hotspots and
ensuring stable temperature distribution, which are critical for extending the lifespan and safety of cylindrical Li-
ion battery packs.
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Figure 8. (a) Contour at J4mm (b) Contour at d6mm (c) Contour at @Smm

4. CONCLUSION

This study numerically evaluated the thermal performance of a liquid cooling system for a cylindrical lithium-ion
(Li-ion) battery pack, focusing on the effect of cooling channel diameter. Using CFD, three configurations with
channel diameters of 4 mm, 6 mm, and 8 mm were analyzed under a high-power 5C discharge rate. The results
consistently demonstrate that the channel diameter is a critical parameter for effective thermal management. The
@8mm channel configuration proved to be the most effective, achieving the lowest peak and stabilized
temperatures and promoting optimal temperature uniformity across the battery cells. This superior performance is
due to the larger channel size, which decreases flow resistance, enhances coolant circulation, and improves heat
transfer efficiency, thereby mitigating the accumulation of thermal energy. In contrast, the J4mm and 96mm
channel configurations, while still providing significant temperature reduction compared to the uncooled state,
were less effective. The smaller 4 mm channels led to higher peak temperatures, slower thermal stabilization, and
a greater temperature difference (AT) of 8.3 °C across the cells. This non-uniformity creates localized hotspots,
which can accelerate battery degradation and increase the risk of thermal runaway. In conclusion, optimizing
cooling channel diameter is essential for maintaining the operational safety, performance, and longevity of Li-ion
battery packs. The findings confirm that a larger channel diameter, such as the J8mm configuration, provides a
substantial advantage in mitigating thermal stress and ensuring stable, uniform temperature distribution, which is
crucial for high-power applications. Future research could explore the trade-offs between pumping power
requirements and thermal performance for various channel geometries to further optimize battery thermal
management systems.
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